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Hatchery seed (7.4 mm and 10 mm) of the Manila clam (Venerupis japonica) 

was planted on a mud shrimp-infested (Upogebia pugettensis ) intertidal area in 

Yaquina Bay, Oregon. Substrate modification (addition of epibentic oyster shell), 

arid predator exclusion devices were used in combination to grow seed for 13 

months. Predatory exclusion devices were mandatory for adequate clam 

survival in the field, with in-ground cages providing superior protection 

compared to Vexar I® netting. The initial application of oyster shell to the 

substratum significantly affected recruitment and survival of young of the year 

(YOY) mud shrimp, as well as increased the concentration of hairy shore crabs 

(Hemigrapsus oregonensis ) on test plots for the duration of the study. 

Survival of clam seed was poor in unprotected and Vexar® netted 

treatments, although caged treatments showed greater than 95% survival. 

Growth rates were similar in all treatments (1.8 2 mm/month during summer). 

Adult hairy shore crabs appeared to be the most serious predators of Manila 

clam seed at the Yaquina Bay site. 

Laboratory predator-prey studies were conducted with both juvenile 

Dungeness (Cancer magister post larval stage 2, 3, and 4 molts) and adult hairy 

shore crabs [size 17-22 and 9-12 mm carapace widths (CW)]. Juvenile Dungeness 

crabs were more effective predators, consuming 1.5 to 2.5 times more Manila 
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clams than adult hairy shore crabs of a similar carapace width. Predation rates 

(clams/crab/24 hr) for 17-22 mm CW crabs were as follows: Dungeness crabs

8.4 (9-12 mm clams), 26 (5-8 mm clams), 133 (2-4 mm clams); hairy shore crabs

3.3 (9-12 mm clams), 11 (5-8 mm clams), 92 (2-4 mm clams). These predation 

rates extrapolated with densities of hairy shore crabs seen at the Yaquina Bay site 

give a possible explanation to high losses of Manila clam seed seen throughout 

treatments. 
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Manila Clam Aquaculture on Shrimp Infested-Mudflats 

INTRODUCTION 

The Manila clam was introduced into North American waters from Japan 

in the late 1930's (Quayle, 1938) via imports of Japanese oyster seed. This clam 

was first seen in British Columbia and recognized as a new species, Paphia 

bifurcata (Quayle, 1938) in the late 1930's. Its range quickly extended southward 

to San Francisco Bay, and northward to Vancouver Island (Quayle, 1964). In 

recent years, Manila clams have been found occasionally in California and 

Oregon, but recruitment seems sparse, as natural populations of these clams are 

not seen south of the Puget Sound area. Planting Manila clams in Oregon was 

only occasionally successful, probably because of generally unfavorable substrate 

and hyd rographic conditions for this species (Jones, 1974). For this reason, 

Manila clams are primarily cultured in Washington, particularly in Puget Sound 

where growing conditions are ideal (Anderson et al., 1982). Presently, there is no 

commercial culture or harvest of this species in Oregon (John Johnson, Oregon 

Department of Fish and Wildlife ODFW, pers. comm.). 

Much of Oregon's estuarine intertidal areas are thought to be unsuitable 

for the culture of Manila clams due to their inherent muddy nature. Although 

Barnabe (1990) and Spencer et al., (1991) have shown Manila clams can be grown 

in areas with these substratum conditions, Manila clams have been planted in 

nearly all major Oregon bays over the last 20 years with little to no success (John 

Johnson, ODFW, pers. comm.). 

Unstable substratum conditions in many of Oregon's bays are typically 

associated with two species of burrowing shrimp: the ghost shrimp, Neotrypaea 
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californiensis (formerly Callianassa californiensis ; Manning and Felder, 1991) and 

the blue mud shrimp, Upogebia pitgettensis , which are common macrofaunal 

inhabitants of most estuarine intertidal sediments from Southeast Alaska to Baja, 

California (MacGinite, 1930, 1934). Recruitment of Young-of-the-Year (YOY) 

shrimp occurs in spring for mud shrimp and summer for ghost shrimp 

(Dumbauld, 1993). These burrowing thalassinidian shrimp can aggregate in 

dense beds of over 500 ind m-2 (Posey, 1986). At these high densities, 

bioturbation associated with shrimp burrow construction and feeding activity 

can negatively affect the structure of benthic communities by reducing numbers 

of tube dwelling polychaetes, and amp' hipods, as well as clams and other 

sedentary organisms (Posey et al., 1991). Extensive bivalve aquaculture along the 

Pacific coast of Oregon, Washington, and British Columbia is also adversely 

affected by burrowing shrimp, as the constant re-working of the near-surface 

sediment gradually fluidizes the substrata causing oysters and other sessile 

bivalves to sink into the mud or become smothered by sediment deposition 

(Armstrong, 1994). 

The ghost shrimp is a deposit feeder, and constantly works the sediment, 

producing an unstable, soupy mixture. Mud shrimp; however, construct more 

permanent burrows with material cemented together by a glandular secretion 

(Pearse, 1945). The activity of these shrimp is thought to be unconducive to 

Manila clam culture as Manila clams have short necks and must remain near the 

surface of the substrate to obtain oxygen and food. Although both species of 

shrimp decrease the stability of the substratum, ghost shrimp beds are noticeably 

more unstable than areas inhabited by mud shrimp (pers. obs.). 

Current aquaculture in shrimp infested areas on the west coast of North 

America is limited primarily to oyster culture. Growers must continually 

monitor crops to ensure that oysters do not sink and suffocate in the unstable 
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sediment (Dennis Shweitzer, Tillamook Bay Oyster Co., pers. comm.). One 

common way of increasing sediment stability is by adding oyster shell to the 

substratum. Addition of an epibenthic layer of oyster shell could also act as a 

nearly impenetrable barrier and deter the settlement of post-larval shrimp. 

Furthermore, a layer of oyster shell could harbor high densities of YOY 

Dungeness (Cancer magister ) and adult shore crabs (Hernigrapsus sp. ) which may 

prey on newly settled shrimp. Overall, the addition of epibenthic oyster shell to 

the substratum could reduce burrowing shrimp numbers and possibly firm the 

substrate, thus making intertidal mudflats more conducive to bivalve 

aquaculture, particularly that of the Manila clam. 

Numerous factors can affect the success of aquaculture operations and 

determine whether or not they are biologically and economically feasible. The 

scope of this study was primarily concerned with biological factors regarding 

Manila clam culture, such as comparative survival and growth rates, substrate 

compatibility, and predatory effects. In addition, some of the economic 

implications for commercial Manila clam operations will be examined. 

The main objective of this study was to determine whether Manila clams 

can be successfully cultured in mud shrimp-infested areas. Using substrate 

modification (addition of an epibenthic layer of oyster shell) and predatory 

exclusion devices (cages and netting), experimental sites in Yaquina Bay were 

used to assess the possibility of culturing Manila clams. Although Vexar® 

netting was used initially to discourage predators, clam cages were subsequently 

(the following summer) used as they offered better protection. 

Juvenile Dungeness crabs and adult hairy shore crabs appeared to be the 

only predators on our plots in significant numbers to warrant laboratory 

investigation of predation effects on Manila clams. Little work has been done to 

assess relative consumption rates for cancrid or grapsid crabs fed on clams; 
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therefore experiments were carried out to determine predatory relationships 

between juvenile Dungeness crabs, adult hairy shore crabs, and Manila clams. 

Although understanding predatory relationships between shore crabs and soft 

shell clams was not in the scope of this project, an effort was made to determine 

why soft shell clams seemingly escaped predation on the mud flats, even in the 

presence of high crab densities. Data was also collected on the abundance of 

several invertebrate species to evaluate the effects of oyster shell additions on 

tideflat communities. 
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GENERAL BACKGROUND AND LITERATURE REVIEW 

Biology and taxonomy 

The Manila clam is a member of the eulamellabranch family Veneridae 

which includes many of the hard-shell clam species harvested in North America. 

The nomenclature of the Manila clam has varied widely, and it has been referred 

to generically as Venerupis, Tapes, Ruditapes, Paphia, and Protothaca , and 

specifically as japonica, philippinarum, semidecussata, philippinarus, and bifurcata. 

For this paper, I will use Venerupis japonica as this seems most common in recent 

literature (Anderson et al., 1982; Chew, 1989; Toba et al., 1992). 

The Manila clam is elongate, with oval valves ornamented by well defined 

radiating ribs and less prominent, concentric ridges (Chew, 1989). Color is 

highly variable; most are yellow or buff with geometric patterns of wavy brown 

or black bands or blotches on each valve. Manila clams can attain a maximum 

size of 7.6 cm (Fitch, 1953; Quayle, 1964). 

Economic importance and attributes of the Manila clam 

Since its introduction into Puget Sound, the Manila clam has become a 

commercially valuable shellfish species, and is second only to the geoduck (P. 

generosa ) in terms of economic importance. Production has ranged from about 

300,000 pounds in the early 1960's (Cheney and Mumford, 1986) to over 4 million 

pounds in recent years (Lee Hoines, Washington Department of Fisheries, pers. 

comm.). The current (1995) wholesale price for market size 28 mm) Manila 

clams is approximately $2.25 per pound (Vince Pirelli, Olympia Clams, pers. 

comm.), making them a desirable aquaculture species. 
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The Manila clam has other attributes, apart from its economic value, 

which make it a desirable aquaculture species. This clam is conducive to large-

scale hatchery production and is presently available as seed from hatcheries in 

California, Oregon, and Washington. The Manila clam is particularly suitable for 

hatchery rearing because of its short rearing period from spawning to 

metamorphosis, ease of spawning, and length of time (summer through fall) it 

can be successfully spawned (Phibbs, 1970). In addition, growth of juveniles to 

market size is relatively fast compared to other clam species such as geoduck 

clams or soft shell clams. Manila clams are often harvestable at 2-3 years of age 

(3-5 cm shell length) (Toba et al., 1992). 

The Manila clam is also desirable for clam culture due to its ability to 

inhabit a wider range of tidal heights (to +2.5 meters) than other farmed clam 

species such as soft shell clams (Anderson et al., 1982), and thus it may be less 

subject to competition for food and space. Manila clams also occur at shallow 

depths in the substrate, making them easy to dig, but more vulnerable to extreme 

temperatures and predation. Lastly, the Manila clam withstands harvesting and 

handling well, and can have a shelf life of 7-14 days if handled properly (Vince 

Perelli, Olympia Clams, pers. comm.). 

Methods of culture 

Commercial harvest of naturally set Manila clams is not widely practiced 

today due to irregularity of setting, over-harvesting of beds, and increased costs 

of digging beds with low densities of clams (Toba et al., 1992). The recent 

emphasis on clam production in bivalve hatcheries has allowed the advancement 

of clam farming by reliably providing clam seed to growers. There are several 

methods of Manila clam culture, used by the shellfish industry, from 
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unprotected open beach culture to intensive culture using plastic cages. Each 

method has its advantages and individual site characteristics and availability of 

funds ultimately decide which method should be used. 

Open beach culture 

This method of culture, by which a grower simply seeds an unproductive 

beach, is the most common method of culture in the state of Washington (Toba et 

al., 1992). The clams are provided with no added protection, such as netting, 

and losses due to predation can be substantial. Recovery of clams grown in this 

fashion can vary dramatically due to substrate type and predatory influence, but 

are typically below 10% (Toba et. al., 1992, Anderson, et. al., 1982, Clock and 

Chew, 1979). 

Predator netting 

Predation on commercial molluscs during field grow-out remains one of 

the major hurdles to successful culture in many areas of the world (Jury et. al., 

1984). Clock and Chew (1979) have shown that the use of protective netting for 

Manila clam culture increased survival rates up to 97%. The netting most 

conducive to clam culture is a light-weight, half-inch synthetic material called 

Vexar®. While this type of netting is typically used on firm substrates (gravel, 

sand mixtures), Barnabe (1990) found that using both a top and bottom layer of 

netting also produced favorable clam yields on silty substrates by providing 

additional support and protection for clams. Standard application of Vexar0 

netting (burying edges with substrate after removing predators from plots) 

should last 3 years if nets are well maintained (Toba et al., 1992), and biofouling 

and drifting debris are consistently removed. Once netting is damaged, 
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predators such as crabs quickly gain entry and can decimate clam populations. 

For example, Miller (1982) observed that clam densities declined from 50 to 15 

per square foot over a 3 month period on netted plots invaded by crabs entering 

through damaged sections of netting. Proper preparation, installation, and 

monitoring of netted plots is crucial to the effectiveness of the netting. Several 

studies have shown that the effectiveness of lightweight netting can be increased 

by raising the netting above the substrate to prevent siltation of the netting which 

can ultimately suffocate clams (Barnabe, 1990; Spencer et al., 1991). 

Predator barriers 

Another method of Manila clam culture predominately practiced in 

Europe is called the Parc method, by which wooden- framed barriers covered 

with mesh are erected around a netted clam plot. Barnabe (1990) noted that 

while this method favors good growth and protection from predators, 

installations are fixed, and the harrier must be cleaned of fouling organisms 

regularly. 

Cage culture 

The use of cages (also called in-ground bag culture) for Manila clam 

culture is practiced widely in Puget Sound, Washington. This method is 

advantageous in that cages greatly reduce harvesting effort, as no digging is 

necessary to recover clams. As with other netting methods, cages provide 

protection from large predators such as crabs, birds and fish, however larval and 

juvenile crabs (Cancer magister in particular) can gain entry and if not removed 

can grow and feed on Manila clam seed (pers. obs.). The disadvantages to cage 

culture include biofouling, and the high cost of cages per unit of clams planted 
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compared to Vexar® netting (roughly 4 times more expensive to use in-ground 

bags than Vexar0). 

Clam cages are commonly 80 cm x 45 cm x 10 cm rectangular structures 

(Toba et al., 1992) constructed from a pre-made heavy mesh sleeve When the 

ends are folded and sealed with cable ties or tied with nylon string, the rigid, yet 

flexible polyethylene cages withstand greater environmental punishment than 

Vexar® netting (pers. obs.). The cages are anchored in the substrate, usually with 

rebar pins until they have silted firmly in place. Ideally, the cages will be 

approximately three-fourths buried in the sediment so that there is adequate 

substrate and water flow for clams. Cages are reusable and can have a life-span 

of over 6 years (Vince Perelli, Olympia Clams, pers. comm.). 

Off bottom culture 

Off-bottom culture of marine bivalves involves suspending these animals 

in the water column in trays (e.g. Nestier), nets (e.g. lantern), or on lines, where 

no substratum is used. This method of culture is very successful for many 

bivalves including scallops, mussels and oysters. The advantages to this method 

of culture are generally higher water quality, less predation, continuous food 

supply, and ease of harvest (i.e. no raking or digging required). The 

disadvantages of off-bottom culture are expensive gear, biofouling, and 

monitoring of trays to remove predators. 

Off-bottom culture of Manila clams is used extensively in the state of 

Washington to grow small (1-3 mm) hatchery-reared clams to a more suitable 

planting size (10-12 mm , Vince Perelli, Olympia Clams, pers. comm.). This 

method of producing plantable sized clams is less expensive than buying 

comparably sized hatchery-reared clams. 
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The only report of successfully growing Manila clams to market size in an 

off-bottom culture system is by Perez and Cuna (1991) in Spain, who observed 

favorable results growing hatchery-reared seed (3.5-7.4 mm) to market size (36

38.8 mm) in suspended trays with no substratum in 2 years. Domenech (1991, 

1993) however, observed that growing hatchery reared seed in this fashion 

produced growth abnormalities, ultimately leading to a cessation of growth in 

the second year. Domenech (1993) attributes oscillation of trays and tidal 

pressure variation to be among factors contributing to this outcome. Spencer et 

al., (1991) suggest that long-term culture of Manila clams in trays encourages 

abnorrnal shell growth leading to a condition popularly known as 'in-growing 

toe-nails'. Presumably, Manila clams grown without substrate exert excess 

energy attempting to orient themselves in a correct feeding posture (siphons up), 

The presence of substratum is thought to provide a more stable environment for 

feeding. 

Major problems associated with Manila clam culture 

Suitability of substrate 

The general consensus with regard to Manila clam bottom culture is that 

clams do best in substrates composed mainly of gravel and sand with some mud 

(Jones, 1974; Glock, 1978; Anderson et al., 1982; Toba et al., 1990; Spencer et al., 

1991). This composition of substrate is found in the Puget Sound area where 

both natural Manila populations exist and culture operations seem to exhibit the 

best success. Cahn (1951) observed that the most abundant populations of 

Manila clams occurred in substrates consisting of 50-80% sand with gravel and 

shell. Conversely, Yasuda and Takamori (1952) found that higher densities of 

Manila clams corresponded to greater percentages of mud, and that lower clam 
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densities corresponded to greater percentages of sand granules. Barnabe (1990) 

experienced favorable growth of Manila clams in silty areas. Chew (1989), in his 

review of Manila clam substrate requirements, noted that a sizable degree of 

variation in sediment types was acceptable to Manila clams. Particularly soupy 

mud or mud-sand combinations (more characteristic of ghost shrimp habitat) are 

thought to be poor habitats, as the Manila clam may have difficulty maintaining 

and keeping its gills unclogged (Bardach et al., 1972). 

Predation 

Anderson et al., (1982) indicated that Manila clams fall prey to a wide 

variety of predators, whose activity and relative importance vary depending on 

location and season. Predation is not always observable, and in fact, is usually 

noted indirectly by the presence of broken or empty clam shells (Chew, 1989). 

Specific observations of predation have been made under laboratory conditions 

at the School of Fisheries at the University of Washington and at the Hatfield 

Marine Science Center in Newport, Oregon (HMSO). In the field, predator 

netting can provide excellent protection as long as installation is done correctly. 

In addition, netting must be free of flaws and monitored frequently, as predators 

quickly gain entry through loose seams or tears. 

Perhaps the predator most difficult to control is the moon snail, Polinices 

lewisi, which feeds on larger clams. This gastropod is of particular concern in the 

Puget Sound area (Vince Pere lli, Olympia Clams, pers. comm.) where it is 

usually hidden within beach sediment making removal difficult. In addition, the 

moon snail is capable of burrowing under Vexar® netting, to gain access to clam 

beds. This snail typically destroys clams by drilling a countersunk hole in the 

umbonal or beak region of the clam shell. While most predation on Manila clams 
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in Puget Sound is done by large snails (25-100 mm shell length), snails of 5-6 mm 

shell length prey upon Manila clams as small as 3 mm (Anderson et al., 1982). 

Certain species of crab may also be particularly predacious on Manila 

clams. One of the major predators is the red rock crab (Cancer productus ) (Chew, 

1989; Anderson et al., 1982). A close but slightly smaller relative, the graceful 

crab (Cancer gracilis ) is apparently a less serious threat (Anderson et al., 1982). 

The Dungeness crab (Cancer magister ), common in Oregon, and Washington 

bays and estuaries, and in central and north portions of Puget Sound, is also a 

known predator. Palacios and Armstrong (1989) found that juvenile Dungeness 

crabs were very effective at consuming juvenile soft shell clams (Mya arenaria). 

Smith (unpublished data) has also seen devastating predation of small Manila (3

5 mm) and soft shell clams (9-12 mm) by juvenile Dungeness [Instar 4 (I4) = 16.9

22.0 mm carapace width (CW)] crabs. While the literature states Dungeness 

crabs feed largely on small clams (Kozloff, [974), shore crabs are considered to be 

primarily herbivorous, scraping Ulva or Enteromorpha from rocks (Knudsen, 

1964). Small purple and hairy shore crabs (I-Icmigrapsus nudus and Hemigrapsus 

oregonensis); however, have been found to consume Manila clams in the 

laboratory (Bourne and Lee, 1973; Smith, unpublished data). These species of 

crabs appear to be the main ones affecting populations of Manila clams in the 

Puget Sound area (Chew, 1989). Another species of shore crab, Carcinus maenas 

is also a severe predator of many clam species, including Manila clams and 

cockles (Cerastoderma Mule) in the United Kingdom (Sanchez-Salazar et al., 1987). 

Because of their abundance and frequent consumption of bivalves, shore crabs 

are often considered to be serious pests of commercial shellfish (Kitching et al., 

1959; Hancock and Urquhart, 1965; Dare et al., 1983) and may prevent the 

establishment of bivalve beds by their predatory activity on spat (Jensen and 

Jensen, 1985). 
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Unprotected Manila clams may be eaten by several species of bottom fish. 

Rock sole (Lepidopsetta bilineata ), English sole (Parophrys vetulus ), starry flounder 

(Platichthys stellatus ), and pile perch (Rhachochilis °need) all prey upon small 

Manila clams (<20mm) as indicated by stomach content analysis (Anderson et al., 

1982). 

Three species of scoter ducks (Melanitta delgandi, M. perspicillata, Oidemia 

americana ) are known to prey on Manila clams (Glude, 1964), although Glude 

reported few clams over 25 mm were consumed. Bourne (unpublished data in 

Anderson et. al., 1982) noted that white-winged scoters (M. delgandi ) can ingest 

clams up to 50 mm in shell length . In Japan, scoter ducks are considered to be 

the most important predators of Manila clams (Bardach et al., 1972) and 

individual birds have been observed to consume up to 52 clams (10-20 mm) daily 

for 150 consecutive days (Cahn, 1951). 

Four species of starfish, the sunstar (Pycnopodia helianthoides), mottled star 

(Evasterias troschellii ), pink star (Pisaster hrevispinus ), and ochre star (Pisaster 

ochraeus) are potential predators of the Manila clam. They are generally found on 

beaches and intertidal areas of the Pacific northwest. According to Quayle and 

Bourne (1972) only the sunstar and mottled star are serious predators of Manila 

clams. While both of these species of starfish are found in Yaquina bay, they are 

generally found lower in the inter-tidal zone, and in more rocky, sandy 

substrates. 

While the use of predator netting can greatly increase recoveries of 

Manila clams, tears in netting can expose clam seed to a variety of predators. 

Particularly harmful are small crabs such as Hemigrapsus oregonensis and larval 

Dungeness crabs, both of which can enter through small tears or pass through 

the nets as larvae, and grow to effective predatory sizes (pers. obs.). Similarly, on 
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the east coast, blue crabs (Callinectes sapidus ) often invade netted hard clam 

(Mercenaria Mercenaria) beds and decimate populations (Menzel et al., 1976). 

This study was undertaken to assess the feasibility of Manila clam 

aquaculture in Oregon bays inhabited by mud shrimp. Substrate modification 

and predatory exclusion devices were employed in an attempt to create a more 

stable and conducive environment for Manila clam culture. This research 

attempts to answer the question of whether mud shrimp-infested tidal flats can 

become viable areas for clam culture. This could create a new fishery for Oregon 

and potentially develop a use for portions of Oregon's shrimp-infested bays and 

mudflats. 
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MATERIALS AND METHODS 

Site selection and general characteristics of study location 

The Yaquina Bay study site is located on the tide flat adjacent and up river 

from King's Slough (Figure 1). This location was chosen mainly due to its 

inaccessibility to the public, as it is bordered by private land and can only be 

accessed by boat. There is a dense aggregation of mud shrimp (Upogebia 

pugettensis) at this site which is situated at approximately the +1 meter tide level. 

The beach slope is gradual, and the main channel of the estuary is approximately 

100 rn from the site. The mud flat has little associated aquatic vegetation, except 

for eel grass beds (Zostera marina ) adjacent to the main channel. In addition, sea 

lettuce (Ulm sp.) abundance is seasonal, and it often completely covers these tide 

flats during the summer. 

Preparation of intertidal areas 

Boundary marking 

Four separate plots were demarcated at the study site, and positioned 

horizontally to the shoreline, at the same tidal height so that each plot would be 

equally exposed to tide changes, currents, and wind direction. Each of the tour 

plots was 12 m x 12 m and subdivided into four 5 m x 5 m subplots with 1 m 

buffer zones (Fig. 2). These four subplots were randomly assigned one of 4 

treatments: 1) mud (control) 2) mud with 6.25 mm Vexar® protective netting 3) 

crushed oyster shell 4) crushed oyster shell with 6.25 mm Vexar® protective 

netting. Each individual subplot was further divided into twenty five 1 m-2 
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Figure 1. Yaquina Bay study location. 
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Figure 2. Method of assigning sample squares to a treatment within a plot, using 
a checker-board design and random designation of core sample numbers. Zeros 
were used in this example as the squares for sampling, but either X's or O's could 
be used depending on the result of a coin toss. This figure also shows core 
sampler placement within each randomly assigned and numbered square. 



18 

sections for sampling purposes. The 25 squares were assigned X's and O's 

alternately to provide a checkerboard arrangement. The corresponding X's or O's 

picked (from coin toss) were randomly assigned numbers 1 through 12 to pre

determine which squares were used for future sampling (e.g. of random 

assignment- Sample #1 used squares 4,5,6, Sample #2 used squares 1,2,3, Sample 

#3 used squares 10,11,12, and Sample #4 used squares 7,8,9). 

Substrate modification 

Treatments with crushed oyster shell (Crassostrea gigas ) were covered 

with an epibenthic layer of shell 4-6 inches thick. This shell was taken to the site 

by barge at high tide and shoveled onto plots. Buoys marked the correct location 

of areas where shell was to be added. Subsequent raking of shell was necessary 

to develop geometrically correct 5 m x 5 m areas within plots. A total of 

approximately 10,000 kg of oyster shell was shoveled by hand and raked on the 8 

sub-plots in Yaquina Bay. 

Predator netting 

In net treatments, 6.25 mm Vexar® netting was employed as a treatment 

over both mud and shelled treatments. The netting was placed over plots 1-2 

days after oyster shell was put down, and anchored with sand-filled PVC pipe 

and an additional mud covering around the perimeter of the nets. This 

configuration assured that there were no exposed gaps in the netting where crabs 

could enter. Subsequently, buoys were placed under netting to lift the netting off 

the substrate at high tide, as portions of the netting sometimes became covered 

with sediment which could have eventually resulted in the suffocation of clams. 

Floated netting did not become covered with sediment during the study, 

although the netting occasionally suffered minor damage from drifting debris. 
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Cages 

Clam cages were another predatory exclusion device employed in this 

study. Two configurations of cages were used: shallow (80 cm x 55 cm x 5 cm) 

and deep [80 cm x 45 cm x 10 cm (see Figure 3)1. Shallow cages were placed on 

top of the substratum, whereas deep cages were buried approximately 2 inches 

in the sediment. Shallow and deep cages were placed on unused portions (black 

squares in Figure 2) of crushed shell and mud areas of plots 1, 2, and 3. While 

typical deployment of these cages involves temporary anchoring of the cages 

until adequate sediment deposition secures them in position, the cages used in 

this study were anchored permanently with PVC piping and cable ties (see 

Figure 3). Clam cages were serviced periodically by taking them to the 

laboratory, where all clams were counted to determine survival rates, and a 

subsample of 100 clams measured for growth determination. 

Procurement, handling, and planting of Manila clam seed 

All of the Venerupis japonica seed clams were purchased from Kuiper 

Mariculture Inc., California. The seed was received from the hatchery in plastic 

bags, packed in styrofoam coolers containing synthetic ice (gel packs). Clams 

were immediately placed in a flow-through seawater system at the Hatfield 

Marine Science Center (HMSC) in Newport, Oregon. Clams were held from 1-2 

weeks before planting, and fed a diet of Chaetoceros calcitrans, and Isochrysis 

galbana periodically. Mortality of clam seed upon arrival from the hatchery and 

during the period prior to planting was insignificant (< 1%). 

To estimate quantities of clam seed required for planting, seed was 

thoroughly mixed and 100 mis of clams were placed in a cone-shaped graduated 

cylinder. The number of clams in three 100 ml samples were counted and 
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Figure 3. Deep in-ground clam cage with PVC anchors attatched with cable ties. 
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averaged. To ensure consistent measurements, water was drained from the 

graduated cylinder as it was tapped several times on a flat surface to assure 

maximum settlement of clams. Clams were bagged in batches of 1000 and held 

in the laboratory 1-2 days before planting. 

Planting procedures for Vexar® treatments and clam cages 

On a day scheduled for planting, the appropriate number of pre-bagged 

clams (1000 /hag) were transferred to styrofoam coolers and kept moist and cool 

prior to arrival at the site. To facilitate planting the desired clam densities, grids 

were formed with nylon rope that divided each 5 m x 5 m subplot into 5 

sections. Clams were planted approximately 1 hour before the incoming tide 

reached the plots. Once clams were seeded, Vexar® netting (5.3 m-2) was laid 

over designated plots and the edges of the netting secured with 1.2 m PVC pipes 

filled with sand. These pipe weights were pressed into the substrate and covered 

with a layer of mud. The seeding density of the plots was 200 in- 2 (average shell 

length of clams 7.4 mm, S.D. =1.8), which is a typical commercial stocking 

density (Anderson et al., 1982). 

Clam cages were constructed with plastic cable ties and stocked with 700 

clams (mean shell length 10.0 mm; n=100, S.D. =2.3), as this density 

(approximately 1850 m-2) is recommended to avoid competition and adverse 

effects on clam growth (Toba et al., 1990). Twelve cages (mud/shallow, 

mud/deep, crushed oyster shell/shallow, crushed oyster shell/deep- three 

replicates of each) were securely closed with cable ties, and held in a flow-

through seawater tank overnight before planting. The cages were placed on 1 m 

squares adjacent to sampled squares (i.e. the blackened area in Figure 2) within 

treatments and anchored to the substrate with PVC tubes and cable ties (Fig. 3). 
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Shallow cages were anchored on top of the substratum, whereas deep cages were 

buried approximately 5 cm in the sediment. 

Core sampling 

Core sampling was conducted within predetermined sampling squares 

approximately every three months (except winter) to monitor growth and 

survival of Manila clams, as well as densities of other tide-flat animals, mainly 

shrimp and crabs. Sampling was carried out with an aluminum core (27.5 cm 

I.D.) to a depth of 20 cm. This depth was chosen as it includes the normal depth 

range for shore crabs and YOY mud shrimp (95% of mud shrimp to age 1 are 

within 15 cm of the surface Christine Feldman, University of Washington 

Department of Fisheries, pers. comm.). To assure accurate positioning of the core 

sampler, a 5 m x 5 m quadrat, sectioned into twenty five 1 m x 1 m squares was 

placed over a given sub-plot area before sampling. The large quadrat was 

constructed of 1 inch PVC pipe and nylon string, and was collapsible to facilitate 

transport to other plots. Core samples were taken from the middle of each 1 m-2 

area (see Figure 2). Samples were excavated by hand or trowel from inside the 

core tube and double-bagged in plastic garbage bags. A fine mesh net 

(approximately 1 mm mesh size) was used to collect animals remaining in the 

slurry of mud and water that remained at the bottom of the excavation pit. 

Core processing 

The double bagged cores were sieved through 1 mm Nitex screen within 3 

hours of being taken. Processed cores were placed in 1 gallon Ziploc bags and 

preserved with 3% formalin, buffered (pH = 7.5) with calcium carbonate. Cores 
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were stored in large plastic containers in a shaded area and processed within two 

weeks of being excavated. 

Core sorting 

Core samples were initially rinsed with fresh water to remove formalin 

and then manually sorted under a hood. Each sample was emptied into a large 

glass container (60 cm x 60 cm x 20 cm) filled with approximately 3 cm of water. 

Immersing and mixing the cores in water facilitated separation of small 

organisms such as young-of-the-year (YOY) shrimp from large debris. 

Only numbers of adult and juvenile mud shrimp, hairy shore crabs, 

Manila clams, bentnose clams (Macoma nosuta), soft shell clams, and Dungeness 

crabs were recorded. A sub-sample of 100 clams of each species (if possible) 

from each sampling period was measured with calipers (to the nearest 1 mm) for 

determination of population size distributions. All shrimp and crabs were also 

measured for population size distribution data. Samples were transferred from 

3% buffered formalin to 100% ethyl alcohol and stored in air-tight glass jars for 

future use. 

Particle size analysis of substrate 

The substrate composition of the Yaquina Bay site was examined since 

composition is generally considered to be an important factor in determining the 

growth and survival of small benthic invertebrates (Wieser, 1959). While Manila 

clams are found in a variety of substrates, ranging from almost pure sand to 

coarse gravel (Jones, 1974), there is some disagreement as to what substrate is 

ideal for Manila clam culture. In order to classify the sediment at the Yaquina 
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Bay site, percent sand, silt, and clay were determined by a combination of wet 

sieving and pipette analysis outlined below (Buchanan ,1984). 

Three 100 ml samples of sediment were randomly taken from the Yaquina 

Bay site. Samples were scooped by trowel from the surface down to a depth of 

10 cm. The samples were initially placed in a 1 L glass wide-mouth jar and 

mixed. From these, three 40 g aliquots were weighed and refrigerated. Next, 40 

mis of 30% hydrogen peroxide was added together with approximately 160 mis 

of deionized water. This mixture was swirled to promote oxidation of organic 

material throughout the sediment. This mixture was then warmed overnight by 

placing it on a heated plate at 90° C. Next, the mixture was sieved through a 63 

pm metal screen, and the resultant sediment remaining on the sieve was dried in 

an oven at 95° C. This was the sand fraction of the sample, and was weighed and 

recorded. The finer sediment that passed through the 63 pm screen was added to 

a graduated glass column with 10 mis of dispersant [(35.70 g (NaPO3)6 + 7.94 gm 

Na2CO3) /liter Deionized water was added to the column to bring the 

level up to 1 L. The column was then capped and shaken for 1 minute. A 25 ml 

fast-delivery pipette was then immediately submerged to a depth of 20 cm from 

the top of the 1L column, and a sample drawn. This portion of the sample was 

dried, weighed, and recorded as the silt fraction. Lastly, after 2 hours and 3 

minutes, another 25 ml sample was taken at a depth of 10 cm from the top of the 

water level in the 1 L column. This was recorded as the clay fraction of the 

sample, and was dried, weighed and recorded. 

To obtain percent values of sand, silt, and clay, the total dry weight of 

each of the components (sand, silt, clay) of the 40 g samples was calculated and 

divided by the total dry weight of each aliquot. To obtain the total dry weight of 

an aliquot, the total dry weight of each of the components must be added 

together. The total dry weight of the sand fraction of the sample is the weight of 
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the sand extracted by the sieving procedure. To obtain the total dry weights of 

both the silt and clay fractions of the sample, the following formula was used: 

[(Net wt of sample) 0.011 g (wt of dispersant)] x 40 (the # of 25 ml samples in the 1 L column) 

Firmness of substrate 

Plate load test 

A penetrometer was built in order to assess the firmness of the substrate 

with and without the addition of oyster shell to the substratum. A small (13.75 

cm x 13.5 cm) plexiglass plate was affixed to a graduated vertical plexiglass 

cylinder (Figure 4) with a capacity of 3.3 L. This penetrometer was randomly 

placed on different plots (mud or crushed oyster shell and mud) and loaded with 

lead shot until the plate was depressed 2 cm into the substrate. The 

corresponding volume of lead shot ( and weight of the penetrometer itself) 

required to depress the plate was recorded to the nearest 10 ml. This was 

repeated a total of 5 times for each treatment (mud or crushed oyster shell) to 

gain an average plate load value for each substrate. Volumetric measurements 

for the lead shot were converted into corresponding weight values and the force 

per unit calculated (kg cm-2). 

Laboratory predator-prey studies 

Experimental design 

Laboratory experiments involving juvenile Dungeness crabs used post 

larval 2, 3, and 4 crabs (PL 2= 9-12 mm, PL 3= 12.1-16.8 mm, PL 4= 16.9-22.8 mm 

carapace width CAN.; Pauly et al., 1986; Palacios and Armstrong, 1989). Hairy 



Figure 4. Graduated penetrometer constructed from acrylic tubing. 
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shore crabs used in laboratory studies were comparable to the Dungeness PL 2 

and PL 4 stages in carapace width. Larger Dungeness juveniles (PL 5 and PL 6) 

were not used in feeding studies because these crabs migrate subtidally and are 

generally not present in intertidal areas (David Armstrong, Department of 

Fisheries, University of Washington, pers. comm.). Although hairy shore crabs 

of 16.9-22.8 mm CW were infrequently found on our plots, this size was chosen 

to represent near maximum expected Manila clam predation rates. 

Dungeness crabs were collected for laboratory studies subtidally by 

SCUBA from Alsea Bay, Oregon (approximately 15 miles south of Yaquina Bay). 

Crabs were netted and transported to the HMSC where they were placed in flow 

through seawater tanks at 10°C. Shore crabs (male only due to their inherently 

larger more capable chelae) were collected in close proximity to HMSC in 

intertidal rocky areas. Shore crabs were maintained separately from Dungeness 

crabs. Crabs used in predation experiments were starved 1 day prior to each 

experiment. Manila clams used for laboratory experiments were maintained in 

flowing, sand-filtered seawater at 10'C. Clam shell lengths (longest dimension 

of valves) used in laboratory studies were 2-4 mm, 5-8 mm, 9-12 mm, 13-16 mm, 

or 17-20 mm in shell length. Clams were measured with calipers to the nearest 

millimeter, and stocking densities for these size ranges were 300-400, 100, 50, 25, 

and 15 clams per 3 L container (or the equivalent of 15,900 21,200, 5300, 2650, 

1325, and 795 clams in-2), respectively. These stocking densities were much 

higher than commercial planting densities (typically 200 m-2), and were 

established to ensure that some clams would remain uneaten at the end of each 

predation experiment. Soft shell clams (shell lengths 9-12 mm, and 13-16 mm) 

were also used in prey selection studies with Hemigrapsus oregonensis at stocking 

densities equal to those of comparably sized Manila clams. 

Each 3 L beaker was supplied with 1 L of substrate and a continuous flow 



28 

of unfiltered seawater (10°C to a level of 3 L) at 12-15 L/hour (Fig. 5). Beakers 

were grouped together in shallow water baths in natural light. Two substrate 

types (mud, and crushed oyster shell with mud) were used in the laboratory to 

simulate field conditions. Mud was collected from the Yaquina Bay site and 

sieved to remove invertebrates and organic matter larger than 1 mm. The mud 

was then mixed with fresh water and left for several days to kill any remaining 

organisms. Whole oyster shell was crushed at IIMSC and rinsed thoroughly 

with fresh water. All plastic buckets and oyster shells were disinfected with 

iodophor and rinsed thoroughly with filtered seawater prior to use in laboratory 

experiments. 

Clams were allowed to remain undisturbed in the beakers for 18 hours 

prior to addition of crabs to allow them to burrow and position themselves 

correctly in the substratum. Any clam which did not bury itself within the first 

few hours of this time period were replaced and the new clams allowed to bury 

themselves before the addition of crabs. Crabs were stocked 3 per container 

(except in experiment #5 where containers were stocked with one crab), and 

allowed to prey on clams for 24 hours. This stocking density of crabs 

(approximately 160 m-2) was representative of higher densities of Hemigrapsus 

oregonensis seen on test plots. The experiments were terminated by removing 

crabs from containers, sieving and sorting substrate using a 1 mm Nitex screen to 

separate live clams from the substrate. All experiments were performed in at 

least triplicate. 

Experiment 1- Effects of substratum type on predation of juvenile Dungeness 
crabs on Manila clams 

Predation rates of three sizes of Dungeness crabs (PL 2, PL 3, PL 4) were 

examined at three densities of Manila clams [(300) 2-4 mm, (100) 5-8 mm, or (50) 
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Figure 5. Laboratory experimental design for crab predation studies. 
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9-12 mm per container] randomly positioned in 3 L containers within a shallow 

water bath. Treatments had either mud or crushed oyster shell and mud 

substrates. Three Dungeness crabs were placed in each container and allowed to 

feed for 24 hours. At the end of 24 hours, crabs were removed from beakers, and 

the substrate was sieved through a 1 mm Nitex screen to separate live clams from 

sediment. The number of clams consumed was determined and recorded. Five 

repetitions of this experiment were conducted within a one month period. 

Experiment 2- Comparison of feeding rates between juvenile Dungeness and 
adult hairy shore crabs 

In this experiment, comparably sized Dungeness and hairy shore crabs 

(17-22 mm CW) were placed in separate containers with various sizes and 

densities of Manila clams [(400) 2-4 mm, (100) 5-8 mm, (50) 9-12 mm per 

container]. Two substrate types (mud versus crushed oyster shell with mud) 

were tested with both species of crabs. The 12 treatments (2 crab species x 3 

clam sizes x 2 substrate types) were randornhy positioned in a shallow water 

bath. Three Dungeness or three hairy shore crabs were placed in the appropriate 

container and allowed to feed for 24 hours. At the end of 24 hours, crabs were 

removed from beakers, and the substrate was sieved through a 1 mm Nitex 

screen to separate live clams from sediment. The number of clams consumed 

was determined and tallied. Four repetitions of this experiment were completed 

within a two week period. 

Experiment 3- Predatory size refuge for Manila clams preyed upon by hairy 
shore crabs 

Hairy shore crabs (17-22 mm CW) were randomly placed in separate 3 L 

beakers filled with mud containing Manila clams of various sizes [(50) 9-12 mm, 
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(25) 13-16 mm, and (25) 17-20 mm per container] to determine if there was a size 

refuge for these clams when preyed upon by hairy shore crabs. Buckets were 

grouped together in a shallow water bath and crabs were allowed to feed for 24 

hours. Three replicates of this experiment were conducted. 

An additional experiment was run to examine more closely, the effect of 

clam size on predation by the hairy shore crab. Hairy shore crabs (17-22 mm 

CW) were placed in separate beakers and allowed to prey on Manila clams (10, 

11, 12, 13, and 14 mm , stocked at 50, 50, 50, 35, and 35 per container), 

respectively, for 24 hours. At the end of 24 hours, crabs were removed from 

beakers, and the substrate was sieved through a 1 mm Nitex screen to separate 

live clams from sediment. Three replicates of this experiment were conducted. 

Experiment 4- Selective feeding of hairy shore crabs on Manila and soft shell 
clams 

Hairy shore crabs (17-22 mm CW) were placed in beakers filled with mud, 

containing both soft shell clams, and Manila dams (9-12 mm clams stocked at a 

density of 25 clams/container for each species) and allowed to feed for 24 hours. 

At the end of 24 hours, crabs were removed from beakers, and the substrate was 

sieved through a 1 mm Nitex screen to separate live clams from sediment. Three 

replications for each species of this experiment were conducted. 

Another experiment was conducted to assess whether large soft shell 

clams exhibited greater resistance to predation by large hairy shore crabs. 

Heniigrapsus oregonensis (17-22 mm CW) were placed in beakers filled with mud 

and allowed to feed on 13-16 mm Manila clams (stocked at 35 per container) for 

24 hours. At the end of 24 hours, crabs were removed from beakers, and the 

substrate was sieved through a 1 mm Nitex screen to separate live clams from 

sediment. One replicate of this experiment was conducted. 
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Experiment #5- Predation of small hairy shore crabs on seed Manila clams 

Since small hairy shore crabs (average 8.9 mm CW for field sample #1 and 

11.1 mm CW for field sample #2) were predominantly seen at the Yaquina Bay 

site, an experiment was conducted to determine whether this size range of hairy 

shore crab was capable of consuming Manila seed clams (7 mm average shell 

length). Single crabs were placed in individual beakers with one hundred 6-8 

mm Manila clams and allowed to feed for 24 hours. At the end of 24 hours, crabs 

were removed from beakers, and the substrate was sieved through a 1 mm Nitex 

screen to separate live clams from sediment. Six replicates were run for this 

treatment, as well as three controls (beakers filled with one hundred 6-8 mm 

Manila clams and no crabs). 

Statistical analyses 

Laboratory and field experiments were analyzed by multifactor ANOVA. 

Models were designed using either perceo[dge (arcsine square root transformed) 

of clams consumed (laboratory experiments) or animal densities (field studies) as 

the dependent variables. Independent variables for field studies were treatments 

(M= mud, M/V= mud and 6.25 mm Vexar® netting, C. crushed oyster shell, 

C/V-= crushed oyster shell and 6.25 mm Vexar® netting), and plots. The same 

treatments within different plots were compared using ANOVA and were 

considered replicates for statistical analyses if no significant differences (p > 0.05) 

occurred between them. Independent variables for laboratory studies were 

substrate type, clam size, crab size, and replicates (where true replication was not 

possible, successive runs of each experiment were compared by ANOVA, and 

considered replicates if no significant differences occurred between them). When 

significant main effects occurred (ANOVA; p-value of < 0.05), Tukey multiple 
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range analyses was used to investigate significant differences among individual 

treatments. The significance level of all tests was set at 0.05. 
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RESULTS 

Recovery and growth of Manila clams protected with Vexary netting 

Manila clam densities at the end of the study were highest in crushed 

oyster shell treatments (average 40 m-2% S.D. =21 ) and crushed oyster shell and 

Vexar ® (average 16 m-2 S.D.= 16) treatments, and lowest in mud treatments 

(average 3 m-2 S.D.. = 6) and mud and Vexar® treatments (average 7 m-2 S.D.= 

6),(Figure 6). However, statistically there were no significant (ANOVA; p < 0.05) 

differences between any of the 4 treatments (mud, mud with crushed oyster 

shell, mud covered with 6.25 mm Vexar® netting, mud with crushed oyster shell 

covered with 6.25 mm Vexar® netting) with regard to numbers of Manila clams 

recovered for any of the four sampling dates (see Appendices A-D). This lack of 

significance is likely due to low numbers of clams sampled and high variability 

between replicates. 

Growth of Manila clams was not compared among treatments as the 

number of clams per sample was often small or clams were absent, especially in 

the latter sampling periods. Figure 7 shows average growth of Manila clams 

combined for all four treatments at the Yaquina Bay site. In addition to clams 

collected in the last sample of the study (6-15-95), an additional collection of 

Manila clams was taken at the end of July, 1995 for final growth observations. 

For the summer months of the study (June through October) clam growth was 

the greatest, with clams showing an average shell growth of 2.1 mm/month in 

1994 and 1.6 mm/month in 1995. The overall growth rate for the duration of the 

study was 1.3 mm/month. 
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Figure 6. Density of Manila clams (Venerupis japonica ) m-2 measured at four 
sampling dates at the Yaquina Bay site. Each density value was averaged from 
three replicate samples. Treatments were M= mud (control), M/V= mud with 
6.25 mm Vexar® protective netting, C= mud with crushed oyster shell, C/V= 
mud with crushed oyster shell and 6.25 mm Vexar® protective netting. Clams 
were planted on 6-14-94 at a density of 200 m-2. 
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Figure 7. Average growth of Manila clams ( Venerupis japonica ) combined for all 
treatments at the Yaquina Bay site. Initial planting densitiy of clams was 200 m
2. 
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Recovery and growth of Manila clams grown in in-ground cages 

Percentage recovery for Manila clams planted in in-ground cages was 

high throughout the study (Figure 8) averaging 98% for all treatments (deep and 

shallow cages in mud or crushed oyster shell). Collectively, recovery was 

slightly higher, although not significantly (ANOVA; p-value < 0.05) in deep-cage 

treatments. Control plots (M and C) for caged treatments showed similar losses 

to controls of the Vexar® study (see Figure 9), and had significantly less recovery 

(ANOVA; p-value < 0.05) than all caged treatments. In some cases, recovery was 

3-15 times greater in crushed controls compared to mud controls, although low 

sample sizes combined with high variability gave no significant differences 

between crushed oyster shell and mud treatments for cages. Manila clam 

densities in crushed oyster shell treatments were equal to 82 clams in-2 at middle 

and end of study, while clam densities in mud treatments decreased to 5 clams 

m-2 by the end of the experiment. Control densities were 400 m-2 initially, and 

decreased to 47 clams m--2 two weeks after planting. 

Growth of Manila clams in cages (1.8 mm/month for deep cages, 1.3 mm/ 

month for shallow cages, 1.2 mm /month for controls) during summer months 

was comparable to growth of Manila clams in the earlier study with Vexar® 

netting (2.1 mm/month during summer months). Clams in deep cages exhibited 

significantly (ANOVA; p < 0.05) higher growth rates compared to clams in 

shallow cages (see Figure 10 and Appendix E). 
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Figure 8. Percent survival of Manila clams (Venerupis japonica ) planted in caged 
treatments (S= shallow, D= deep), and controls in Yaquina Bay, Oregon. Initial 
stocking densities were seven hundred 10 mm clams per cage, and four hundred 
10 mm clams m-2 in control treatments. The May sample was taken 2 weeks 
after inital planting of clams. 
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Figure 9. Density of Manila clams (Venerupis japonica ) in control areas of the 
cage-culture experiment at the Yaquina Bay site (M= mud, C= crushed oyster 
shell). Initial density was four hundred 10 mm clams m-2. The May sample was 
taken 2 weeks after planting control areas. 
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Figure 10. Growth of Manila clams (Venerupis japonica) in shallow and deep 
clam cages at the Yaquina Bay site. Growth data for mud and shell treatments 
were combined and averaged for both cage treatments and controls. The May 
samples were taken 2 weeks after planting clams. Initial densities of clams were 
700 per cage and 400 m-2 for controls. 
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Physical characteristics of substrate for Vexar® experiment 

Percent shell cover 

Upon administering oyster shell at the Yaquina Bay site, cover was 100% 

and 12-15 cm deep. Six months later, shell coverage was 30-50% (visual 

estimate), with a very thin layer of shell remaining. Twelve months after initial 

application, shell coverage was approximately 5%, although shelled plots were 

noticeably firmer in some areas than mud controls. 

Particle size analysis of substrate 

The composition of the sediment at the Yaquina Bay site was analyzed on 

a percent sand, silt and clay basis. The results are summarized below in Table 1. 

Table 1. Percent sand, silt, and clay values for three 40 g aliquots taken from the 
Yaquina Bay site. 

Sediment type Av. net weight (g) S.D. % of total sample 
Sand 16.97 0.074 61.7 
Silt 0.192 0.008 26.7 
Clay 0.091 0.004 11.7 

Plate load test 

Three months after the last sampling of plots, shelled treatments were 

significantly (ANOVA; p < 0.05) more resistant to penetration than mud 

treatments, with an average of .125 kg cm-2 ( S.D. = 0.08) for crushed oyster shell 

treatments compared to .097 kg cm-2 (S.D. = 0.26) for mud treatments (see 

Appendix F). These values are nearly three times less than the average force 
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exerted by a human when walking on the mud (.337 kg cm-2 for one foot of a 175 

lb person). 

Substrate modification effect on tideflat community in areas treated with 
Vexar® netting 

Density composition of adult and juvenile mud shrimp 

Substrate modification had no effect upon adult mud shrimp densities for 

any sample period (ANOVA; p< 0.05) (Figure 11 and Appendices A-D). 

Densities were generally highest during the first sample period, with a maximum 

of 126 shrimp m-2 (mud treatment). Shrimp densities were lowest during the 

third sampling in March of 1995. This is to be expected at the end of winter, 

when shrimp often reside deeper in the substrate compared to spring and 

summer months (Brett Dumbauld, University of Washington, School of Fisheries, 

pers. comm.). 

After the addition of oyster shell to the substratum, juvenile mud shrimp 

densities were up to ten-fold lower in shelled areas compared to control areas 

(Figure 12, Appendices L-0). A Tukey multiple range procedure for sample 

period #1 (6-24-94) showed crushed oyster shell treatments and crushed oyster 

shell with Vexar® treatments had significantly less juvenile shrimp than mud 

treatments or mud with Vexar® treatments (95% C.I.). At all other sampling 

periods, there were no significant differences in juvenile mud shrimp 

concentrations among treatments (see Appendices A-D). Concentrations of 

juvenile shrimp increased slightly in shelled areas for the remainder of the study 

and remained relatively stable in control areas (see Figure 12). This appears to 

correlate with the decreasing percentage of oyster shell cover throughout the 

study. 
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Figure 11. Numbers of adult mud shrimp (Upogebia pugettensis ) m-2 collected on 
four sampling dates at the Yaquina Bay site. Each density value was an average 
value calculated from three replicate samples. Treatments were M= mud 
(control), M/V= mud with 6.25 mm Vexar® protective netting, C. mud with 
crushed oyster shell, C/V= mud with crushed oyster shell and 6.25 mm Vexar® 
protective netting. 
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Figure 12. Numbers of juvenile mud shrimp ( Upogebia pugettensis ) m-2 collected 
on four sampling dates at the Yaquina Bay site. Each density value was an 
average value calculated from three replicate samples. Treatments were M= 
mud (control), M/V= mud with 6.25 mm Vexar® protective netting, C= mud 
with crushed oyster shell, C/V= mud with crushed oyster shell and 6.25 mm 
Vexar® protective netting. 



45 

Juvenile mud shrimp recruitment was over 3.5 times greater in 1995 

compared to 1994. In an effort to identify juvenile shrimp recruitment cohorts, 

the carapace length (CL) of shrimp recovered from all sample periods were 

measured with calipers to the nearest millimeter and plotted in a histogram to 

illustrate shrimp size frequency distribution (Figure 13). An effort was made to 

measure only carapace length as an indicator of size; however, the carapaces of 

some shrimp were damaged during handling procedures. To remedy this 

problem, a large (N=93) subsample of well preserved shrimp were measured, 

and the relationship between carapace length and abdominal length was 

determined (see Figure 14), since the abdominal region of mud shrimp appeared 

to resist damage and deterioration well. An equation of y = 2.054 x 0.786 

(where abdominal length = approximately 2 times carapace length) gave an r2 

value of 0.991, showing a significant relationship between the two body parts. 

This allowed accurate estimation of carapace length when only the abdominal 

region of a shrimp was recovered. 

In June, 1994, there was a recruitment cohort of YOY mud shrimp of 5_ 5 

mm carapace length with an average carapace length of 3-4 mm. In October, 

1994, the bulk of the recruiting cohort had grown to an average of 7-8 mm 

carapace length, with a cutoff at < 9 mm. In March, 1995, the 1994 cohort had not 

grown substantially over winter, with an average carapace length of 8.3 mm, and 

an upper size limit of approximately 11 mm. In June, 1995, recruitment of YOY 

shrimp was very evident, again with the new cohort of shrimp exhibiting 

carapace lengths 5 mm, with the majority 3 mm. At this time, all shrimp 5_ 12 

mm were considered juveniles. Recent studies by Dumbauld (1993) show similar 

observations and YOY recruitment size categories. 
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Figure 13. Percent size frequency distribution of mud shrimp (Upogebia 
pugettensis) carapace lengths at the Yaquina Bay study site for sample periods 1
4. Samples were combined for all treatments and all replicates. 
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Figure 14. Relationship between the carapace length and abdomenal length for 
mud shrimp (Upogebia pugettensis). 
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Density of soft shell and bentnose clams 

Soft shell clams were the most prevalent species of clam on the Yaquina 

Bay plots with up to 350 clams m-2 in control areas (see Appendices L-0). 

Average densities m-2 of soft shell clams are shown in Figure 15 for all 

treatments and all sample periods. Densities seem to gradually decrease 

throughout the first 9 months of the study, with a slight increase in early 

summer of 1995. 

Bentnose clams were also prevalent organisms at the Yaquina Bay site. 

Concentrations of bentnose clams m-2 are shown in Figure 16 for all treatments 

arid sampling periods (see Appendices L-0 also). Densities (350 clams m-2) 

increased through the duration of the study (see Figure 16). 

Density of Dungeness and hairy shore crabs 

Densities of Dungeness crabs found on all plots were very low throughout 

the study. Sample periods #1 and #4, which were closest to Dungeness 

recruitment periods (May-July; David Armstrong University of Washington 

School of Fisheries, pers. comm.), showed an average of 1-7 crabs m-2 for all 

treatments (see Appendices L-0.) There were no significant (ANOVA; p < 0.05) 

differences in density among various treatments. 

Hairy shore crabs were a much more common component of the tideflat 

community than. Dungeness crabs. There were significantly higher 

concentrations of hairy shore crabs (Tukey multiple range procedure, 95% C.I.) in 

shelled treatments compared to non-shelled treatments (see Figure 17 and 

Appendices A-D) for sample periods #1, #2, and #3. Sample #4; however, 

showed no significant differences (ANOVA; p-value <0.05) among treatments for 

hairy shore crab densities. Percent shell cover during this sample period was 

approximately 5% of the initial amount laid down. To evaluate size of hairy 
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Figure 15. Soft shell clam (Mya arenaria) densities at the Yaquina Bay site. 
Treatments were M= mud (control), M/V= mud with 6.25 mm Vexar® protective 
netting, C= mud with crushed oyster shell, C/V= mud with crushed oyster shell
and 6.25 mm Vexar® protective netting. 
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Figure 16. Bentnose clam (Macoma nosuta) densities at the Yaquina Bay site. 
Treatments were M= mud (control), M/V= mud with 6.25 mm Vexar® protective 
netting, C= mud with crushed oyster shell, C/V= mud with crushed oyster shell 
and 6.25 mm Vexar® netting. 
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Figure 17. Density of hairy shore crabs at the Yaquina Bay site for all sample 
periods. Treatments were M. mud, M/V= mud and 6.25 mm Vexar® protective 
netting, C= mud with crushed oyster shell, C/V= mud with crushed oyster shell 
and 6.25 mm Vexar® protective netting. 
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shore crabs inhabiting test plots, percentage size frequency distribution of hairy 

shore crabs was plotted for all 4 sample dates (see Figure 18). In June, 1994, the 

average size of hairy shore crab inhabiting the plots was 8.9 mm C.W. 

Laboratory predation studies 

Dungeness predation studies 

Initial laboratory studies were conducted to investigate predation effects 

of Dungeness crabs on Manila clam seed. Figure 19 shows feeding rates for three 

Dungeness crab instar sizes (PL 2, PL 3, PL 4) on 3 sizes of Manila clams 

(shell lengths 2-4 mm, 5-8 mm, 9-12 mm). In addition, both mud and crushed 

oyster shell with mud were used as treatments in combination with clam size 

categories to assess whether shell affected predation. 

There was no significant (ANOVA; p-value < 0.05) effect of substrate on 

quantities of clams consumed by any size of Dungeness crab, therefore, this 

factor was dropped from the main model. There were also no significant 

differences (p-value < 0.05) between repetitions of the experiment, and so the 

data sets were combined. Clam size had a significant effect (p-value < 0.05) on 

the quantity of clams consumed (see Appendix G). More small clams were eaten 

than large clams. Dungeness crab size also had a significant effect (p-value < 

0.05) on the quantity of clams consumed. Large crabs ate more clams than small 

crabs. These effects are illustrated below in Table 2. There were no significant 

interactions between crab size and clam size. 
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Figure 18. Hairy shore crab (Hemigrapsus oregonensis) percent size frequency 
distribution for sample periods 1-4. Carapace widths were measured with 
calipers to the nearest millimeter. 
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Figure 19. Dungeness crab (Cancer magister) predation on Manila clams. Three 
crab instar sizes (carapace widths varying from 9-22.3 mm) were allowed to feed 
on Manila clams for 24 hours. Treatments were M= mud, and C. crushed oyster 
shell, with different sizes of Manila clams. Clams were stocked according to 
clam size (shell length): 2-4 mm clams @ 19000 m-2, 5-8 mm clams @ 4800 m-2, 9
12 mm clams @ 2400 m-2. 
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Table 2. Tukey HSD comparison table for effects of Dungeness crab size and 

Manila clam size on daily predation rates. 

Treatment (clam/crab) Number of Samples Average # Clams Eaten Homogeneous Groups 

9-12 mm/PL 2 8 0.830 X 

9-12 mm/PL 3 8 1.60 XX 

9-12 mm/PL 4 8 3.71 XX 

5-8 mm/PL 2 8 5.20 XXX 

5-8 mm/ PL 3 8 6.30 )0( 

5-8 mm/ PL 4 8 8.00 XX 

2-4 mm; PL 2 8 36.3 XX 

2-4 mm/ PL 3 8 64.5 XX 

2-4 mm/ PL 4 8 76.5 X 

Dungeness versus hairy shore crab feeding rates 

Figure 20 shows comparative feeding rates of both hairy shore crabs and 

Dungeness crabs of comparable sizes (17-22 mm C.W.) on three sizes of Manila 

clams. High stocking densities of clams in these studies allowed adequate 

opportunity for crabs to feed and should reflect near maximum feeding rates. 

Substrate type had no significant (ANOVA; p-value > 0.05) effect on the 

predation of clams by either crab species, so it was dropped from the main 

model. There were also no significant differences (ANOVA; p-value > 0.05) 

among repetitions of the experiment, and therefore, they were combined. Crab 

type and clam size, however, had significant (ANOVA; p-value < 0.05) effects on 

the quantity of clams consumed (see Appendix H). Dungeness crabs ate more 

clams than hairy shore crabs, and fewer large clams were eaten than small clams. 

There were no significant interactions between crab type and clam size (ANOVA; 
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Figure 20. Comparative predation on Manila clams (Venerupis japonica) by 
Dungeness (Cancer magister) and hairy shore crabs (Hemigrapsus oregonensis). 
Treatments were M= mud, C= crushed oyster shell, with different sizes (shell 
lengths) of Manila clams. Clams were stocked according to clam size: 2-4 mm 
clams @ 19000 rn-2,5-8 mm clams @ 4800 rn-2, and 9-12 mm clams @ 2400 m-2. 
Crab size (carapace width) was left constant for all treatments. 
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p-value < 0.05). There was also a positive relationship between increasing clam 

size and decreased predation, as seen in the previous laboratory study. These 

effects are summarized below in Table 3. 

Table 3. Tukey HSD comparison table for effects of crab type (Dungeness and 
hairy shore crab) and Manila clam size on daily predation rates. 

Treatment (clam/crab) Number of Samples Ave # Clams Eaten Homogeneous Groups 

9-12 mm/shore 8 2.75 X 

9-12 mm/Dungeness 8 6.50 XX 

5-8 mm/shore 8 13.25 X 

5-8 mm /Dungeness 8 22.38 X 

2-4 nun/shore 8 102.38 X 

2-4 mm/Dungeness 8 130.00 X 

Predatory size refuge for Manila clams 

The size of Manila clam had a significant (ANOVA; p-value < 0.05) effect 

on the numbers of clams consumed (see Appendix I). Figure 21 a shows average 

consumption rates of hairy shore crabs on Manila clams of various sizes. There is 

an absolute refuge size of 17 mm for Manila clams when preyed upon by large 

(17-22 mm C.W.) hairy shore crabs. A Tukey HSD multiple range analysis (Table 

4.) shows the quantity of 9-12 mm clams consumed was significantly greater than 

the quantity consumed of either 13-16 mm or 17-20 mm Manila clams. 
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Figure 21. a) Hairy shore crab (Hemigrapsus oregonensis) predation cutoff on 
various sizes of Manila clams ( Venerupis japonica) b) Hairy shore crab predation 
rates on Manila clam seed. 
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Table 4. Tukey HSD comparison table for effects of Manila clam size groups on
daily predation rates of large hairy shore, crabs. 

Treatment (clam size) Number of Samples Av. # of Clams Eaten Homogeneous Groups 

17-20 mm 3 0 X 

13-16 mm 3 0.12 X 

9-12 mm 3 6.8 X 

The second portion of this experiment attempted to further investigate the 

size refuge for Manila clams when being preyed upon by large hairy shore crabs 

(17-22 mm C.W.). Figure 21 b shows predation rates of hairy shore crabs on 

various sizes of Manila clams (shell lengths 10, 11, 12, 13 mm). Clam size had a 

significant (ANOVA; p-value< 0.01) effect on the quantity of clams consumed 

(see Appendix J). Particularly, 10 mm Manila clams suffered significantly more 

predation than any of the other size classes. This effect is illustrated below in 

Table 5. 

Table 5. Tukey HSD comparison table for effects of Manila clam size on daily 
predation rates of large hairy shore crabs. 

Treatment (clam size) Number of Samples Av. # of Clams Eaten Homogeneous Groups 

13 mm 3 0.90 X 

12 mm 3 3.60 X 

11 mm 3 34.1 X 

10 mm 3 9.90 X 
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Selective feeding of hairy shore crabs on soft shell versus Manila clams 

To determine if soft shell clams were more easily preyed upon than 

Manila clams by hairy shore crabs, similar sized Manila clams and soft shell 

clams (shell lengths 9-12 mm) were simultaneously offered to large hairy shore 

crabs (17-22 mm C.W.). Figure 22 shows the daily consumption rates of hairy 

shore crabs (17-22 mm C.W.) on soft shell and Manila clams offered together in 

the same container. There was a significant (ANOVA; p-value < 0.05) difference 

in quantities of clams consumed between comparably sized soft shell and Manila 

clams (see Appendix K). Table 6. below, shows this relation. 

Table 6. Tukey fiSD comparison table for daily predation rates of hairy shore 
crabs offered Manila clams and soft shell clams simultaneously. 

Treatment (clam type) Number of Samples Av. # of Clams Eaten Homogeneous Groups 

Manila 3 1.70 X 

soft shell 3 4.76 X 

Predation of small hairy shore crabs on seed Manila clams 

Although most of the experiments conducted with hairy shore crabs were 

designed to describe an extreme case of crab predation on Manila clams (by 

using large 17-22 mm C.W. crabs with capable chelae), this experiment 

investigated whether smaller hairy shore crabs typically seen in cores, were 

capable of consuming Manila clam seed in significant numbers. Six replicates of 

this experiment were conducted with 3 controls (beakers containing 100 clams 

with no crabs). The average consumption rate for small hairy shore crabs on 6-8 

mm Manila clams was 3.2 clams/crab/24 hr. 
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Figure 22. Feeding of hairy shore crabs (Hemigrapsus oregonensis) on Manila 
clams (Venerupis japonica) and soft shell clams (Mya arenaria). Clams were 9-12 
mm (shell length), and stocked @ 1200 m-2. 
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DISCUSSION
 

Losses of Manila clam seed 

The probable explanation for high losses of Manila clam seed at the 

Yaquina Bay site was predation by crabs. Both hairy shore crabs and juvenile 

Dungeness crabs were present at the Yaquina Bay site when the heaviest clam 

losses occurred (the ten day period between seeding the clams and sample #1). 

These crabs were effectively excluded from cage treatments resulting in greater 

survival of Manila clams. Densities of hairy shore crabs during sample #1 

ranged from 10-115 crabs m-2, the higher densities occuring in shelled areas. 

Small hairy shore crabs (9-11 mm CW), more typical of average sized hairy shore 

crabs seen at the Yaquina Bay site, consumed on average, 3.2 clams/day/crab (7 

mm seed Manila clams) in the laboratory. Dungeness crabs of this size (PL 2- 9

12 mm CW) consumed approximately 5 clams/day. Larger, more capable hairy 

shore crabs (22 mm CW) consumed approximately 13 clams/day/crab (5-8 mm 

Manila clams). From this data, the population of hairy shore crabs at the 

Yaquina Bay site were more than capable of reducing the initial Manila seed 

densities of 200 clams m-2 to densities observed at the first sample date. Despite 

heavier concentrations of hairy shore crabs in shelled areas, there were 3-7 times 

more Manila clams found in these areas during sample period #1, indicating that 

shell may provide some refuge for young Manila clams. Over the course of the 

field study; however, clams numbers eventually diminished in all treatments. 

Although most of the dead clam shells in our core samples were unbroken 

(approximately 70%), indicating a majority of the loss by some means other than 

hairy shore crab predation (these crabs prey by chipping and crushing Manila 

clam shells), Dungeness crabs, present in our samples at the time the losses 
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occurred, were shown in laboratory experiments to exhibit a feeding strategy that 

left Manila clam shells uniform and unbroken (slicing clam adductor muscles to 

gain entry with one cheliped while creating a gape between the two valves with 

the other cheliped). Although juvenile Dungeness numbers were very low on 

our plots during the first sampling period, this crab's consumption rate (on 

average more than three times greater than that of hairy shore crab) warrants 

serious consideration as an explanation for initial clam seed losses. It is likely, as 

some of the dead clam shells recovered were chipped, and that crushed shells 

were difficult to distinguish from other debris in the cores, that the low initial 

recoveries of live Manila seed clams were a result of combined predation by 

adult hairy shore crabs and juvenile Dungeness crab instars. 

Crab predation on bivalves is well studied in the field and laboratory. 

Kitching et al. (1959) showed that because of their abundance and frequent 

consumption of bivalves, the shore crab (Carcznus maenas) often prevents the 

establishment of bivalve beds by their predatory activity. Other studies have 

shown that predation by young crabs determine structure and dynamics of 

intertidal macrofauna, including clams (Reise, 1977). Similar to this study, 

MacKenzie(1977) showed that blue crabs (Callinectes sapidus) destroyed hatchery-

reared hard clams (Mercenaria mercenaria) unless they were protected. 

Crab predation for all species of clams was not similar; however, in the 

field studies with Vexar®. Both bentnose (Macoma nosuta) and softshell (Mya 

arenaria) clams maintained relatively stable populations, despite their thinner 

shells, presumably making them an easy target for crab predation. In the 

laboratory, soft shell clams suffered approximately twice the predation levels 

compared to harder shelled Manila clams of equal sizes). Blundon and Kennedy 

(1982) showed that Macoma arenaria and Macoma balthica obtained refuge from 
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blue crab predation when they reached a critical size that allowed them to inhabit 

at greater depths in the sediment. 

In addition to crab predation, one or more of the following reasons could 

have contributed to the initial losses of seed Manila clams on our plots: 1. 

displacement of clams by wave and current action 2. sedimentation 3. natural 

mortality due to biological factors such as changes in salinity. 

It is well documented that small Manila clam seed (3 mm ) exhibit passive 

movement within and outside of seeded areas due to wave and current action 

(Glock and Chew, 1979, Miller, 1982). Although massive initial Manila clam seed 

losses were observed at the Yaquina Bay site, it is unlikely that displacement was 

the cause. Several dead Manila clam seed shells (up to 10/core or 160 m2 

mostly whole and unbroken) were found within a majority of the cores taken 

from the first sampling period. Additionally, Manila clams of the size planted 

(average 7.4 mm) were substantially heavier and more resistant to passive 

displacement compared to the smaller 3 mm seed used in other studies where 

movement has been observed. Lastly, it is unlikely that the Manila clams used in 

this study escaped through mesh smaller than themselves (7.4 mm clam vs. 6.25 

mm netting). 

Sedimentation by wave and current action, and/or bioturbation from mud 

shrimp are also unlikely factors contributing to the low recoveries of Manila clam 

seed at the Yaquina Bay site. Both Vexar® netted plots and in-ground cages were 

exposed to the same environmental conditions, and excellent recoveries were 

seen only with the in-ground cages. This implies that sedimentation could not 

have caused the losses. 

It is also unlikely that high Manila clam seed mortalities were caused by 

biological factors such as temperature, salinity, disease, or water pollution. If this 
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were the case, losses should have been comparable between caged and non-

caged treatments. 

Predator netting versus in-ground bag culture 

The use of predator exclusion devices for Manila clam culture is widely 

accepted in the literature and aquaculture industry Gory et al ., 1984). In typical 

culture areas with no burrowing shrimp, Vexar® netting appears to be the least 

expensive and most effective method of protecting Manila clam seed from 

predation (Toba et al, 1992). In shrimp-infested areas, however, this method of 

predator control proved unsuitable for several reasons, First, typical application 

of Vexar® netting involves covering a given area and burying the edges of the 

netting to keep predators out. In muddy substrates, complete predator removal 

(especially that of small, inconspicuous predators like shore crabs) is difficult, 

and as experienced in our test areas, crabs can be trapped under netting with 

clam seed and cause significant mortalities. In contrast, in-ground bags are self 

contained, allowing access to remove predators (e.g. crab instars). 

Second, the type of Vexar® netting required to protect clam seed from 

predation (6.25 mm in this study) was not durable enough to withstand 

moderate abuse in the field. Even if all crabs were excluded from a given plot, 

malfunctioning nets could allow the entrance of crabs which can quickly 

decimate Manila clam seed populations. Typical commercial application of 

Vexar® netting employs 12.5 mm netting, which is constructed of thicker plastic, 

and more resistant to abuse and tearing. The use of this more durable netting 

was not possible for this study because seed clams were much smaller than this 

mesh size (7.4 mm at planting) and could have been washed out of the netting. 

In addition, potential predators (such as small hairy shore crabs) could have 
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entered through holes in the netting and preyed on clams. Laboratory 

investigations regarding predation of Manila clam seed by small hairy shore 

crabs (12-13 mm C.W.) indicated that even hairy shore crabs of this size were 

capable of consuming 7-8 mm Manila clam seed. 

Lastly, using Vexar® netting in muddy substrates can result in non

functional nets due to sediment deposition. This was very apparent in the 

Vexar® treated plots, with both depressions and mounds of substrate (up to 20 

cm differences in height) adjacent to each other. This deposition most likely 

smothered Manila clam seed. Barnabe (1990) found similar results using mesh 

netting in muddy areas, and suggested adding floatation to nets in order to keep 

them from being buried. After application of buoys on our Vexar® netting, the 

substrate level gradually equalized, and nets remained un-silted for the duration 

of the study. Aside from the Yaquina Bay site (infested with mud shrimp only), a 

site in Tillamook Bay, Oregon was initially investigated. The Tillamook site was 

infested with ghost shrimp only, and sediment deposition on nets was very 

heavy, regardless of floatation. Due to the difficulties described above, use of 

6.25 mm Vexar® netting was abandoned at the Yaquina Bay site as a means of 

predator control. In-ground cages were subsequently used to protect Manila 

clams from predators. 

Predatory exclusion cages have been used in many studies to protect 

bivalves, such as scallops (Bricelj, et al., 1993), and clams (Marelli and Arnold, 

1990), and other infauna such as eelgrass (Stuart, 1983). Further, species 

associations within cages from which predators have been excluded have been 

shown to be denser, richer, and more diverse in molluscs compared to areas 

without protection (Wiltse, 1980). The cages used in this study provided 

excellent recoveries of Manila clams (average 98%), and did not become buried 

with sediment. Aside from being a costly initial investment compared to Vexar® 
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netting (Toba et al., 1992), in-ground cages are desirable in that they are more 

durable than Vexar® netting, re-usable for at least five years (Vince Perelli, 

Olympia clams, pers. comm.), and eliminate the need to hand rake clam beds for 

harvest. Harvesting clams is quicker with in-ground bags than with Vexar® 

netting, requiring only removal of substrate from bags, which is facilitated by 

harvesting while water is slightly covering bags. 

Growth of Manila clams in unstable substrate 

Substrate modification 

The most apparent difficulty for on-bottom aquaculture in shrimp-infested 

areas is instability of the substratum. In an attempt to combat this problem, a 

layer of epibenthic oyster shell was added to portions of the substratum at the 

Yaquina Bay site. This procedure is widely practiced today in Manila clam 

growing areas throughout Washington state. While this practice is suitable in 

areas where burrowing shrimp are absent, it appears to be a temporary solution 

to unstable ground in shrimp-infested areas, as mud shrimp quickly (several 

days) construct burrows through heavily deposited (15-20 cm deep) beds of 

crushed oyster shell (pers. obs). 

At the Yaquina Bay site, YOY mud shrimp survival appeared to be 

significantly affected when shell was deposited during recruitment periods 

(March-April), but juvenile shrimp quickly re-colonized shelled areas. On our 

plots, the initial 15 cm layer of oyster shell was 95% covered with silt after one 

year. Although much of the deposited oyster shell was covered with sediment, 

its subsurface distribution significantly enhanced substrate firmness even after 

one year (see Appendix F). 
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Growth of Manila clams 

There is considerable variation in Manila clam growth depending on 

biological factors such as substrate type, food availability, water temperature, 

and tidal height. The most conducive area for Manila clam culture on the west 

coast of the United States is the state of Washington, particularly in Puget Sound. 

Here, growth is excellent during summer months (April-October) due to 

phytoplankton blooms and elevated water temperatures. Typical average 

monthly growth rates for Manila clams in Puget Sound are from approximately 2 

mm (Vince Perelli, Olympia Clams, pers. comm.), to 3.2 mm (Glock and Chew, 

1979) but can be as high as 4 mm (Vince Perelli, Olympia Clams, pers. comm.). 

Shell growth ceases during winter months, and is slowed in the second and third 

years, as the shell depth of clams grow more than shell length. Perez et al . (1990) 

showed monthly growth rates of Manila clams in suspended culture without 

substratum to be 1.8 (for first 12 months). In most instances, a market size animal 

(38 mm shell length) is obtained after 2 years of grow-out. Southern areas of 

Puget Sound like Hood Canal, however, can produce a market size Manila clam 

in as little as 15-18 months. 

The monthly growth rate of Manila clams at the Yaquina Bay site was 

approximately 1.8 mm /month for in-ground cages, and 2.1 mm/month for 

Vexar® treated plots (summer month growth data from April-October). As with 

culture areas in Washington state, clam growth rates at the Yaquina Bay site 

decreased substantially during winter. The in-ground bag data is a better 

indicator of clam growth in shrimp infested areas during summer, as recoveries 

for Vexar® treated areas were small, resulting in much larger standard 

deviations among data. Growth data collected from the Yaquina Bay site were 

taken only for the first year of grow-out and compare closely with the first year 

growth rates reported for other sites in the Washington state area. I predict a 
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market size clam (38 mm) would be attainable in Yaquina Bay after 30 months of 

growth (2.5 years), which would require one additional summer of growth 

compared to typical Manila clam production in Washington state. 

Tidal height also plays an important role in the growth and survival of 

Manila clams. Quayle and Bourne (1972) described the optimum tidal range for 

growing Manila clams to be + 0.9 to + 2.4 m above mean lower low water 

(MLLW). Miller (1982) showed Manila clams grow best from +1.1 to +2 m above 

These optimum tidal heights are for growing clams with no predator 

exclusion devices. Moon snails (abundant in Washington state) proliferate below 

these lower tidal heights and can devastate Manila clam populations. Since the 

majority of Manila clam farming in Washington state uses Vexar® netting (most 

economically feasible method-see Toba et al., 1992), culture areas are usually 

designated above the zone where moon snails are typically encountered, as the 

snails can easily burrow under netting and decimate clam populations. 

Domenech (1991) suggests that the best growth rates for Manila clams grown in 

trays with or without substratum occur below the MUM/ level, therefore, if in-

ground cages are used for culture, clams could potentially be placed subtidally, 

where they would presumably be exposed to a continual supply of food and 

oxygen. 

Although investigating the growth of Manila clams at different tidal 

heights was not a focus of this project, this subject should be examined in order 

to maximize clam growth in shrimp-infested areas. Shrimp activity could be less 

in the lower reaches of the tidal zone, resulting in firmer substrate, as is observed 

in Coos Bay, Oregon. At lower tide reaches, the influence of a major predator of 

shrimp, such as the Pacific staghorn sculpin (Leptocottus armatus), is more 

pronounced (Posey, 1986). 
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One aspect of this study was to compare the effect of substrate type on 

Manila clam growth. Toba et.al , (1992) gives a good overview of studies focused 

on Manila clam growth in various substrates, and concludes that the ideal 

substrate is loosely packed, consisting of gravel, sand, mud, and shell (Miller, 

1982). Substrate stability is also presumed to be an important factor for Manila 

clam growth. Glock and Chew (1979) suggested that increases in substrate 

stability would allow clams to expend energy on growth rather than on 

maintaining their position in the substrate. 

Substrate at the Yaquina Bay site was composed primarily of sand (see 

Table 1), making it noticeably unstable compared to graveled or shelled areas. 

The addition of epibenthic oyster shell was an attempt to create a habitat like the 

ideal substratum mentioned above. Theoretically, gravel, shell, and mud 

combined in a loosely packed substrate create interstitial spaces, which increase 

water flow immediately below the surface of the substrate. In these spaces clams 

can hide from predators, and reside deeper in the substratum. Loosely packed 

substrate would appear to benefit short necked clams, like the Manila, as they 

could potentially reside deeper in the substrate, gaining increased protection 

from predators such as foraging crabs. At the Yaquina Bay site, the addition of 

epibenthic oyster shell to the substratum appeared to temporarily reduce the 

effects of predation, however, after several months, recoveries were very low 

regardless of substrate composition. Perelli (1992 unpublished data) showed no 

significant differences in survival or growth of Manila clams grown in sand, 

gravel, or mud when in cages. Perelli (1992 unpublished data) also suggested 

that food availability and predators are of much greater concern for Manila clam 

culture compared to the composition of the substrate . 

Growing Manila clams in shrimp-infested areas is feasible, provided in-

ground cages are used. However, there may be a need for more frequent plot 
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maintenance in these unstable areas, as cages gradually sediment themselves in 

with wave and current action as well as additional deposition caused by 

burrowing shrimp. As long as there is an adequate portion (minimum of 2.5 cm) 

of cage exposed and un-silted, clams can feed correctly. Once cages become 

partially or totally covered with substrate, clams compete for available space, 

become stunted, and/or die from suffocation. Routine maintenance and 

observation of cages is mandatory in areas with unstable substrate. At the 

Yaquina Bay site, cages were disrupted frequently (every 2 months) for growth 

analysis, so it is difficult to assess long-term sedimentation of clam cages in these 

shrimp-infested areas. 

Shrimp infested tideflats 

In order to assess the potential of Manila clam culture in shrimp-infested 

areas, an estimate of existing shrimp ground is needed. Tollefson and Marriage 

(1949) estimated that over 9000 acres of shrimp-infested tideflats exist in 

Oregon's larger bays (see Table 7, next page). This is a conservative estimate, and 

is reflective of both ghost shrimp and mud shrimp. Mud shrimp are generally 

less abundant than ghost shrimp, and therefore would account for a smaller 

portion of the total above. Although ghost shrimp and mud shrimp can occur in 

the same areas, generally, the individual food requirements of the two shrimp 

necessitate their inhabiting different substrate compositions to meet those 

requirements (see Introduction). 

Areas inhabited by ghost shrimp are generally more unstable than areas 

inhabited by mud shrimp (due to the effects of deposit feeding), and are 

therefore less suitable for aquaculture. Tillamook Bay, for example, has large 

mudflats with a majority of ghost shrimp. Oyster culture is practiced in some of 



72 

Table 7. Estimate of acreage in larger Oregon bays infested with mud and ghost
shrimp. From Tollefson and Marriage (1949). 

BAY SHRIMP-INFESTED AREAS (ACRES) 

Alsea Bay 800 

Yaquina Bay 1035 

Tillamook Bay 2000 

Coos Bay 3000 

Siletz Bay 300 

Netarts Bay 1000 

All others 1000 

TOTAL 9135 

these areas, and is severely hampered due to shrimp activity (Dennis Schweitzer, 

Tillamook Bay Oyster Co., pers. comm.). Routine maintenance of oyster beds 

(pulling 'sinking' oysters out of the mud) is mandatory for successful yields. 

Assessing the possibility of Manila dam culture in ghost shrimp-infested areas 

was attempted but gave poor results due to excessive substrate instability. 

Presently, thousands of acres of shrimp-infested tideflats in Oregon are 

still unused with regard to aqua.culture. Although adequate tideland is available 

for bivalve culture, economic considerations ultimately decide whether culture 

operations are possible. 

Economic feasibility of cage-cultured Manila clams in shrimp-infested areas 

While the economic feasibility of any aquacultural endeavor depends 

upon many factors such as site availability, biological factors, and available 
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operating loans, a five year economic forecast for a Manila clam operation in 

Yaquina Bay was made using in-ground bags on one half of an acre of land (see 

Table 8). This analysis is adapted from Toba et al. (1992) as this is the most recent 

and thorough publication concerning Manila clam culture economics. 

Assumptions used to develop the income forecast are as follows: 

1. Costs are based on development of one half of an acre of private 

ground. No lease fees will apply. 

2. The ground is located in an area approved by the Oregon Department 

of Fish and Wildlife (ODFW) for harvest. 

3. Natural recruitment is non-existent, requiring seeding of the ground. 

Seed costs for 10 mm Manila clams are based on $8.50/1000. 

4. Seeding density is 500 clams/bag. 

5. Seed is harvested 30 months after planting. Clams are harvested when 

they reach 38 mm shell length, and weigh approximately 25 clams/lb. 

6. A survival rate of 85°A, is assumed for clam seed through 30 months. 

7. No salary is drawn from the annual expenses. 

8. Cash for capital and (iiperation is financed through two loans. The first 

year loan. is a special Oregon business loan, for first time investors, and is 

financed (after an initial 2 year period of no payment) at the current prime 

rate (9% at time of evaluation). The second year loan is a commercial 

loan financed at 12%. Both loans are amortized over 5 years. 

9. A rate of 25°./0 is used to calculate taxes for years when net profit is 

greater than zero. 
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Table 8. Five year economic forecast of a Manila clam operation using clam cages 
in Yaquina Bay, Oregon. 

One Two Three Four Five 

CAPITAL INVESTMENT 
Boat, trailer, motor 5,000 
Sink float (materials and labor) 1,500 
Truck 8,000 
Miscellaneous 1,000 
TOTAL 15,500 

OPERATING COSTS 
Bank charges 500 500 500 500 500 

Repayment loan1 0 1,744 10,993 10,993 10,993 

Professional fees 2 1,000 1,000 1,000 1,000 1,000 

Insurance 1,000 1,000 1,000 1,000 1,000 

Clam seed3 9,244 0 9,244 0 9,244 
Bags 4 6,092 0 0 0 0 

1,085 0 1,085 0 1,085 

Plot maintenance' 543 543 543 543 543 

Harvest cosh 0 0 3,046 0 3,046 

Depreciation8 1,550 1,550 1,550 1,550 1,550 

Miscellaneous 500 500 500 500 500 
TOTAL OPERATING COSTS 21,514 6,837 29,461 16,086 29,461 

INCOME (clam saies)9 0 0 83,194 0 83,194 

PROFIT (income less operating (21,514) (6,837) 53,733 (16,086) 53,733 
costs) 

OPERATING LOAN 38,866 6,837 0 0 0 

25% PROFIT TAX (RESERVE) 0 0 -13,433 0 -13,433 

BALANCE FORWARD 0 0 40,300 24,214 64,514 

1 Interest on second capital loan calculated into second year operating budget. Subsequent years
 
include both operating loans. Interest rate is 9% on first year loan and 12% on second year loan.
 
Both loans are amortized over 60 months (first year loan has a 2 year initial no payment period).
 
2 Fees include legal and accounting fees to develop a business proposal plus annual bookkeeping
 
fees.
 
3 Cost is figured at $8.50/1000 seed. Clams are placed in cages at a density of 600 seed/bag x
 
2175 bags (total) = 1,305,000 seed (total).
 
4 Based on cost of $2.80/bag for 1/4 inch mesh bags and 2175 bags/ half acre ($0.50 x 2170 bags
 
= $1,085)
 
5 Plot construction based on assumed cost of $0.50/bag for seeding, plot excavation, and rebar
 
placement.
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Table 8. (Continued) 

6 Plot maintenance based on assumed cost of $0.25/bag to remove fouling organisms and
reposition bag.
 
7 Harvest cost based on assumed labor cost of $0.50/bag for clam sorting ($0.50 x 2170 bags =

$1,085) plus handling to sink float and market at $0.05/lb x 39,150 = $1,958).
 
8 Depreciation calculated at 10°4, capital expense ($15,500 x 10% = $1,500).
 
9 Clams sales based on 75% survival of planted seed x 25 clams/lb x wholesale price of $2.25 /lb.
 

A positive cash flow is observed for this potential culture operation in 

years 3, 4, and 5, with a final balance of $65,598 in the final year. This economic 

assessment does not take into account unexpected problems such as biological 

disasters (pollution) or vandalism (none experienced at our site) which could 

easily result in a partial or complete loss of investment. With the given 

information, it appears developing a Manila clam farm in Yaquina Bay is 

economically feasible in mud shrimp-infested areas. 
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Conclusion 

Growing Manila clams (Venerupis japonica) in mud shrimp-infested areas 

appears possible, provided that in-ground cages are used for protection against 

common tideflat inhabitants, such as the hairy shore crab (Hemigrapsus 

oregonensis), and the Dungeness crabs (Cancer magister PL 2 PL 4), which proved 

to be devastating predators of Manila clam seed(2-16 mm shell length) in the 

laboratory. Hairy shore crab daily consumption rates for Manila clam seed were 

approximately one third those of juvenile Dungeness crabs, however, shore crabs 

are a much more abundant component of the tideflat community, and the 

potential cornbined predatory effects of these crabs could lead to the complete 

decimation of newly planted Manila clam seed in a matter of days. 

Modification of the substrate, by adding an epibenthic layer of oyster 

shell, significantly (positively) affected the firmness of the substrate, although it 

did not significantly affect survival or growth rates of Manila clams. Mud 

shrimp recruitment was initially significantly affected by the addition of oyster 

shell, suggesting that deployment of shell timed with mud shrimp recruitment 

periods could lead to reduced numbers (and possibly future year classes) of 

juvenile shrimp. The presence of an epibenthic layer of oyster shell did not affect 

adult mud shrimp, however, as burrows appeared through the administered 

layer of shell several days after deployment. 

Manila clams grown in in-ground cages for one year in Yaquina Bay, 

Oregon showed growth rates of approximately 2 mm/month (during summer 

months), and an average survival of 95%. Although growth conditions are not 

optimal in Yaquina Bay, a marketable size clam should be attainable in 2.5 years 

(3 summer growing seasons). This is in contrast to Manila clam production in 

the state of Washington, where in optimal growing areas (like Hood Canal), 
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marketable sized clams are grown in as little as 15-18 months (2 summer growing 

seasons). 

Despite slower growth, successful culture of Manila clams in shrimp-

infested areas appears economically and biologically possible, provided that 

predator exclusion devices, such as in-ground bags are used in conjunction with 

routine plot and bag maintenance to ensure proper positioning of clams in the 

sediment. Presently, thousands of acres of shrimp-infested inudflats are 

underutilized in Oregon's bays and estuaries. Culturing the highly valuable 

Manila clam in these environments could better utilize Oregon's natural 

resources, and potentially lead to expansion of present aquaculture endeavors as 

well as diversification of shellfish production. 
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APPENDIX A 

Multifactor ANOVA tables for the comparison of the effects of substrate 

treatments (mud, mud and Vexar®, mud with crushed oyster shell, mud with 

crushed oyster shell and Vexar®) at the Yaquina Bay site (6-24-94) for 

concentrations of a) adult mud shrimp, b) juvenile mud shrimp, c) Manila clams, 

d) hairy shore crabs. 

a) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 10419 3 3473 1.714 0.2332 

Treatment 9667 3 3222 1.590 0.2589 

Residual 18234 9 2026 

Total 38321 15 

b) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 4106 3 1368 3.986 0.0464 

Treatment 11014 3 3671 10.69 0.0025 

Residual 3090 9 343.3 

Total 18211 15 
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c) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 4089 3 1363 0.639 0.6085 

Treatment 5166 3 1722 0.808 0.5206 

Residual 19184 9 2131 

Total 28440 15 

d) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 5059 3 1686 0.779 0.5347 

Treatment 34969 3 11656 5.385 0.0213 

Residual 19483 9 2164 

Total 59511 15 
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APPENDIX B 

Multifactor ANOVA tables for the comparison of the effects of substrate 

treatments (mud, mud and Vexar®, mud with crushed oyster shell, mud with 

crushed oyster shell and Vexar®) at the Yaquina Bay site (10-8-94), for 

concentrations of a) adult mud shrimp, b) juvenile mud shrimp, c) Manila clams, 

d) hairy shore crabs. 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 7437 3 2479 2.855 0.0971 

Treatment 4697 3 1565. 1,803 0.2167 

Residual 7815 9 868.3 

Total 19949 15 

b) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 1659 3 553.2 1.116 0.3925 

Treatment 1022 3 340.7 0.687 0.5820 

Residual 4460 9 495,6 

Total 7142 15 



88 

c) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 726.5 3 242.1 0.183 0.9051 

Treatment 1690 3 563.5 0.426 0.7389 

Residual 11891 9 1321 

Total 14308 15 

d) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 1508 3 502.8 1.566 0.2643 

Treatment 6724 3 2241 6.980 0.0100 

Residual 2890 9 321.1 

Total 11123 15 
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APPENDIX C 

Multifactor ANOVA tables for the comparison of the effects of substrate 

treatments (mud, mud and Vexar®, mud with crushed oyster shell, mud with 

crushed oyster shell and Vexar®) at the Yaquina Bay site (3-21-95), for 

concentrations of a) adult mud shrimp, b) juvenile mud shrimp, c) Manila clams, 

d) hairy shore crabs. 

a) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 6698 3 3349 11.95 0.0081 

Treatment 279.5 3 93.19 0.333 0.8027 

Residual 1681 9 280.1 

Total 8658 15 

b) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 645.1 3 322.5 1.225 0.3580 

Treatment 1024 3 341.4 1.296 0.3587 

Residual 1580 9 263.3 

Total 11123 15 
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Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 201,5 2 100.7 0.433 0.6670 

Treatment 294.2 3 98.08 0.422 0.7442 

Residual 1394 6 232.4 

Total 1890 11 

d) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 385.1 2 192.5 1.307 0.3380 

Treatment 2939 3 979.7 6.649 0.0246 

Residual 884.1 6 147.3 

Total 4208 II 
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APPENDIX D 

Multifactor ANOVA tables for the comparison of the effects of substrate 

treatments (mud, mud and Vexar®, mud with crushed oyster shell, mud with 

crushed oyster shell and Vexar®) at the Yaquina Bay site (6-15-95), for 

concentrations of a) adult mud shrimp, b) juvenile mud shrimp, c) Manila clams, 

d) hairy shore crabs. 

a) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 3102 2. 1551 4.305 0.0693 

Treatment 976.6 3 325.5 0.904 0.4926 

Residual 2161 6 360.3 

Total 6240 11 

b) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 1556 2 778.0 0.542 0.6075 

Treatment 10580 3 3526 2.458 0.1606 

Residual 8609 6 1434 

Total 20746 11 
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c) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 3060 2 1530 1.827 0.2400 

Treatment 2382 3 794.0 0.948 0.4746 

Residual 5024 6 837.4 

Total 10466 11 

d) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Replicate 1625 2 812.5 3.193 0.1137 

Treatment 1464 3 488.2 1 9] 9 0.2278 

Residual 1526 6 254.4 

Total 4616 1] 
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APPENDIX E 

Multifactor ANOVA table for significant differences among Manila clam 

growth between shallow and deep clam cages, and substrate composition (mud, 

and mud with crushed oyster shell), for a) 6-26-95 b) 9-11-95. 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Cage type 10.59 5 2.118 6.542 0.0300 

Substrate 0.6348 1 0.6348 1.960 0.2204 

Residual 1.619 5 0.3238 

Total 12.84 11 

b) 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Cage type 16 35 5 3.270 6.486 0.0305 

Substrate 0.0494 1 0.0494 0.0980 0.7701 

Residual 2.521 5 0.5042 

Total 18.92 11 
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APPENDIX F 

Mu ltitactor ANOVA table for significant differences among sediment 

stabilities (measure of force needed to depress a penetrometer) for mud and 

crushed oyster shell with mud, one year after initial shell deployment. 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Substrate 386.4 1 386.4 20.06 0.0065 

Replicate 265.2 5 53.05 2.754 0.1453 

Residual 96.32 1 19.26 

Total 748.0 11 
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APPENDIX G 

Multifactor ANOVA table for significant differences between daily 

consumption rates of juvenile Dungeness crabs ( PL 2, PL 3, PL 4) on Manila 

clams (2-4 mm, 5-8 mm, 9-12 mm) in either mud or crushed oyster shell and 

mud. Substrate type and replicate main effects were insignificant (p= 0.7196, p= 

0.1009, respectively) and therefore were dropped from the model. 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Clam size 4.588 _ 2.294 83.22 <0.0000 

Crab size 1.913 2 0.9569 34.71 <0.0000 

Interactions 0.1576 4 0.0394 1.430 0.2345 

Residual 1.736 63 0.0275 

Total 8.396 , 1 
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APPENDIX H 

Multifactor ANOVA table for significant differences between daily 

consumption rates of juvenile Dungeness crabs and adult hairy shore crabs on 

Manila clams (2-4 mm, 5-8 mm, 9-12 mml in either mud or crushed oyster shell 

and mud. Substrate type and replicate main effects were insignificant (p= 0.8104, 

p= 0.1963, respectively) and therefore were dropped from the model. 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Crab size 1.241 1 1.241 37.08 <0.0000 

Clam size 4.529 2 2.264 67.63 <0.0000 

Interactions 0.0055 2 0.0027 0.083 0.9201 

Residual 1.406 42 0.0334 

Total 7.183 47 
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APPENDIX I 

One way ANOVA table for significant differences between daily 

consumption rates of 17-22 mm hairy shore crabs fed on various sizes of Manila 

clams (9-12 mm, 13-16 mm, 17-20 mm shell lengths). 

Source of Sum of d.f. Mean 17-ratio Sig. level 

variation squares square 

Between 0.8068 2 0.4034 40.78 0.0030 

groups 

Within. 0.0593 6 0.0098 

groups 

Total 0.7188 8 
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APPENDIX J 

One way ANOVA table for significant differences between daily 

consumption rates of 17-22 mm hairy shore crabs on various sizes of Manila 

clams (10 mm, 11 mm, 12 mm, 13 mm shell lengths). 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Between 0.5595 3 0.1865 8.669 0.0013 

groups 

Within 0.1573 8 0.0064 

groups 

Total 0.7188 11 
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APPENDIX K 

One way ANOVA table for significant differences between daily 

consumption rates of 17-22 mrn hairy shore crabs on soft shell clams and Manila 

clams (both 13-16 mm shell lengths). 

Source of Sum of d.f. Mean F-ratio Sig. level 

variation squares square 

Between 0.2325 1 0.2325 7.766 0.0495 

groups 

Within 0.1198 4 0.0299 

groups 

Total 0.3524 
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APPENDIX L 

Data table for core sample animal densities at the Yaquina Bay site on 6

24-94. These figures are the average of three cores taken from each subplot, and 

must be multiplied by a factor of 16.31 to obtain m-2 values. 

Treatment Sam le # Mud (A) Mud ( ) Manila Soft shell Bentnose Shore crab Dun.eness 

Mud 1A1 8 8 1 17 11 8 2 

1A2 1 4 6 7 7 1 0 

1A3 0 1 7 10 12 

2D1 7 4 14 15 12 

2D2 0 1 14 3 46 0 0 

21)3 6 3 0 6 5 0 0 

3D1 10 10 1 17 9 1 0 

3D2 10 1 0 24 

3D3 16 0 0 47 

4D1 7 4 1 25 6 2 0 

4D2 11 0 37 0 0 0 

4D3 11 0 0 48 1 0 0 

MudNex 1C1 9 10 0 21 9 0 0 

1C2 1 1 2 17 19 

1C3 5 5 1 16 

2A1 11 3 2 9 21 

2A2 

2A3 10 8 1 15 10 

3A1 10 5 9 41 1 3 0 
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3A2 13 2 4 25 4 0 

3A3 13 6 5 26 

4C1 0 0 0 

4C2 9 1 5 33 6 0 

4C3 12 0 24 8 1 

Crushed 1BI 1 0 1 5 0 0 

1B2 12 2 1 16 1 7 

1B3 8 0 2 34 

2B1 4 0 4 15 17 1 

2B2 8 2 6 24 7 18 

2B3 2 0 0 11 8 11 

:3C1 10 0 0 18 

3C2 4 0 0 24 0 0 

3C3 7 1 0 15 

4A1 3 

4A2 0 0 0 

4A3 10 0 0 32 

Crushed/ 11)1 6 0 1 13 12 6 0 

Vex 

1D2 6 2 2 19 0 

1D3 13 3 4 26 

2C1 0 1 0 7 19 11 

2C2 5 0 10 4 24 13 

2C3 1 2 4 9 19 

3B1 7 2 1 31 0 4 
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3B2 11 6 4-1 1 7 0 

3B3 4 1 4 23 5 10 1 

4B1 3 0 6 26 1 8 0 

4B2 3 0 4 28 4 3 0 

4B3 13 0 5 28 1 18 0 
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APPENDIX M 

Data table for core sample animal densities at the Yaquina Bay site on 10-8-94.
 

These figures are the average of three cores taken from each subplot, and must
 

be multiplied by a factor of 1631 to obtain values. 

Treatment Sam le # Mud (A) Mud ( ) Manila Soft shell Bent-nose Shore crab Dun eness 

Mud 1 A 1 10 1 1 14 10 0 0 

1A2 0 0 2 3 22 1 0 

1 A3 0 1 2 1 10 1 0 

2D1 3 0 0 2 20 0 0 

2D2 5 0 0 6 3b 0 

2D3 4 0 0 14 10 0 

3D1 4 5 
1 19 4 0 0 

3D2 11 2 0 21 2 0 0 

3D3 9 3 0 22 6 1 0 

4D1 5 1 0 6 6 3 0 

4D2 7 0 0 17 10 0 0 

4D3 2 5 0 13 4 1 0 

MudNex 1C1 10 2 0 21 7 1 0 

1C2 1 3 0 1 24 

1C3 4 0 0 0 8 

2A1 6 4 0 2 18 

2A2 2 0 0 3 22 

2A3 

3A1 7 0 0 28 3 2 0 
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3A2 10 1 12 

3A3 7 18 

4C1 8 0 2 
_ 

11 

4C2 7 8 ,_ 

4C3 8 4 1 34 11 1 

Crushed 1B1 7 0 2 14 4 ,_ 

1B2 21 

1B3 8 2 0 2.7 

2B1 5 2 0 18 14 

2432 4 3 9 32 1 

4 1 13 12 10 4 0 

3C1 10 0 0 21 0 6 

3C2 8 0 0 20 2 

3C3 11. 2 0 14 

4A1 10 U 0 13 1 2 

4A2 5 l 0 22 

4A3 10 4 0 19 3 3 

Crushed/ 1D1 8 1 i 11 3 3 0 

Vex 

1D2 14 10 

1D3 3 0 1 1

2C1 

2C2 6 0 0 13 

2C3 

3B1 5 4 6 5 
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3B2 4 1 3 5 13
 

3B3 3 0 0 17
 

4B1 7 1 2 29
 

4B2 5 5 2 20
 

4B3 21
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APPENDIX N 

Data table for core sample animal densities at the Yaquina Bay site on 3

21-94. These figures are the average of three cores taken from each subplot, must 

be multiplied by a factor of 16.31 to obtain m-2 values. 

Treatment	 Sam le # Mud (AL Mud 0) Manila Soft shell Bentnose Shore crab 

Mud	 1A1. 0 0 2 30 

1A2 0 0 1 2 18 

1 

1 

1A3 0 28 

201 0 2 1 7 19 

2D2 0 1 0 5 20 

2D3 1 1 0 2 14 0 

301 4 4 (1 

302 5 6 0 0 9 

3D3 6 0 0 0 11 o 

Mud/Vex 1C1 3 5 0 16 

1C2 2 3 0 6 0 

1C3 0 1 12 

2A1 2 2 0 3 21 

2A2 2 0 4 131 

2A3 1 3 0 0 15 

3A1 2 0 20 

3A2 5 3 0 15 

3A3 3 2 3 11 
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Crushed 1B1 

382 4 4 14 11
 

3B3 17 10
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APPENDIX 0 

Data table for core sample animal densities at the Yaquina Bay site on 6

15-94. These figures are the average of three cores taken from each subplot, must 

be multiplied by a factor of 16.31 to obtain m-.2 values. 

Treatment Sample # Mud (A) Mud U) Manila Soft shell Bentnose Shore crab 

Mud 1A1 0 1 0 0 36 

1A2 0 37 

1A3 3 4 0 17 15 

2D1 2 5 0 4 29 

2D2 0 4 0 13 33 

2D3 1 3 1 7 40 

3D1 6 5 

3D2 4 8 0 

3D3 b it 0 17 

Mud /Vex 1C1 4 12 0 6 13 

1C2 0 11 0 4 8 

1C3 3 12 

2A1 7 21 0 29 10 

2A2 2 4 0 6 12 

2A3 

3A1 5 14 2 30 22 0 

3A2 3 5 0 12 14 

3A3 4 3 2 18 

Crushed 1B1 4 5 0 12 9 
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1B2 3 1? 12 11 

1B3 4 
, 0 14 

2B1 3 7 7 9 25 

2B2 3 11 8 26 11 

2B3 
19 

3C1 4 18 0 20 

3C2 5 2 0 30 

3C3 6 9 0 23 

Crushed/ 11)1 6 12 0 

Vex 

1D2 2 4 0 

1D3 

2C1 4 4 0 8 13 

2C2 
11 

2C3 1 10 0 2 21 

3B1 3 17 3 12 11 

3132 2 2 6 21 

3B3 4 7 0 14 




